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Chapter 1
Introduction
1.1 Background and Motivation
The flight safety of an airplane critically relies upon the proper operation of various
communication, weather, navigation and other avionic systems [1]. Many of these
systems have antennas and/or other structures on the skin of the aircraft. The
operational characteristics of any antenna on the airplane include the effect of the
various structures making up the airframe and the electromagnetic coupling among
the multitude of antennas and transponders. Since antennas are usually designed
assuming that they are isolated and mounted on flat ground planes, the actual
pattern/performance of the antenna can significantly differ from their theoretical
designs. Hence, for the safe operation of the aircraft, it is vital to predict the
electromagnetic performance of each system in the presence of others.
With the increasing number of airplanes in the sky, avoidance of mid-air collisions
has assumed new importance [2]. To this end, the Federal Aviation Administration
has mandated that all aircraft that can carry more than 30 passengers be fitted
with an advanced Traffic-alert Comsion Avoidance System (TCAS) [3]. The TCAS
is basically a direction finding and tracking radar, that determines the bearing of
a nearby aircraft from a signal received from that aircraft. There are a number of
tracking radars described in the literature; however, due to cost, space, weight as
well as other constraints, only a few of these can be used in airborne applications [4].
The basic operation of the TCAS is as follows: The TCAS equipped airplane
transmits a directional query signal. This query triggers a transponder on nearby air-
planes, if so equipped. The digitally coded, transponder return signal is received by
the TCAS and processed to detect the presence of an intruder. It may also estimate
the bearing, velocity etc., of the other airplane. For convenience, the TCAS equipped
aircraft will be referred to as the own airplane and the transponder equipped nearby
airplane will be called the intruder.
Presently, there are three generations of the collision avoidance systems, named
TCAS I, II and III respectively. The TCAS I system, the oldest, could only inform
the pilot about the presence of other aircraft in his vicinity. It could not advise
the pilot of evasive maneuvers to take to avoid a potential collision. The TCAS II
system, currently in the production phase, has conflict resolution logic, which can
suggest that the pilot should climb or dive [5]. The most recent system, the TCAS
III has the ability to determine the bearing of the intruder aircraft accurately, and
can issue to the pilot an advisory to bank left or right in addition to climb or dive.
This is possible because, along with the bearing, the TCAS III system can also
determine the altitude, velocity, and distance of the intruder from the transponder
response. More information about these systems can be found in [61,[7],[S1.
There are many factors that adversely affect the performance of the TCAS in
estimating the bearings of surrounding aircraft. Even though it is not very hard
to predict the bearing of an intruder under ideal design conditions, it is much more
difficult to predict the performance of the same system when the antenna is mounted
on an actual aircraft. This is due to the distortion of the radiation pattern by the
curvature of the fuselage, scattering by the wings, engines, horizontal and vertical
stabilizers as well as other nearby antennas located on the skin. The cost of making
full scale measurements and evaluating these systems under actual flight conditions is
very high, time consuming, and error prone. Therefore, there is a need for alternative
methods to study the performance of various systems.
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One common method is to use scale models to make measurements [9]. This is
inflexible in that one can not study all possible locations for a TCAS antenna on
the fuselage of various aircraft. Another possibifity is to use computer models to
calculate the radiation patterns in the near or far field, and process the signal on
a computer. The latter method is adopted here, and in the succeeding pages, the
TCAS system performance is evaluated under various adverse conditions.
1.2 Synopsis
In this report, two different TCAS antennas are studied in detail. They are classified
based on the operation. These are:
1. Comparison of Relative Amplitude system (CRA).
2. Spiral Phase Antenna system (SPA), and
The antennas for both systems consist of a four element circular array of monopoles;
however, their operation and their performance in the presence of nearby scatterers
is quite different. The CRA TCAS finds the bearing by comparing the amplitudes
of the received signals; whereas, the SPA TCAS determines the bearing by using
only the phase information contained in them. In this work, three main topics are
covered.
• Modeling isolated TCAS antennas on aircraft.
• Simulation of TCAS performance in the presence of nearby antennas.
• Modeling of engine to better account for its effect on the TCAS.
Chapter 2 introduces the two systems. Their operation, modeling the antennas
and the issues involved in modeling their performance are discussed. Models for the
CRA and the SPA TCAS systems are developed. These are used in conjunction
with the high frequency models of various airplanes. The radiation patterns are
obtained using the airborne antenna code, called NEWAIR3, based on the uniform
geometric theory of diffraction [10],[11],[12]. The impact of various scatterers on the
TCAS is characterized by the bearing error, defined as the difference between the
system computed bearing and the actual bearing of an intruder. Simulation of the
TCAS and computation of the bearing over all azimuth results in a bearing error
curve. Under ideal conditions, the bearing error is zero. Due to the scatterers and
other antennas on the airframe, which distort the received signals, this is not the
case. The magnitude of the error indicates the relative effect of various scatterers
on the TCAS [13],[14]. The salient features and properties of the error curves are
also discussed in Chapter 2.
In Chapter 3, models are derived for different airframes and error curves are
computed for each TCAS antenna at various positions on the fuselage. The error
curves are then used to compute the standard deviation of the bearing error in a
specified angular sector, which is used as a figure of merit to evaluate the performance
of the TCAS at that location. It can be either used to compare the two systems
TCAS on the same fuselage at two different locations or the same system on different
airframes at similar locations. Three airplanes were chosen: Boeing models 737-300,
747-200 and 727-200. The variation of the standard deviation of the bearing error as
a function of distance from the nose are presented. The curves of standard deviation
versus the location on the fuselage are provided for both the top and bottom mounted
SPA and CRA antenna systems [15]. It is shown that the various aircraft scatterers
play an important role in the determination of the angle of arrival (AOA) errors.
The need for a better engine model is demonstrated for some cases, specifically when
an engine is directly illuminated by the TCAS.
The effect of two nearby antennas mounted aft of the TCAS antenna at optimum
location on the behavior of the TCAS is considered next in Chapter 4. The scattering
from the blade antennas in the vicinity were included in the patterns of the TCAS
antenna via superposition [16]. Two representative antennas were chosen for this
study; one a VHF blade, and the other an L-band blade. Modeling methods for
these two antennas are different and hence are discussed separately. First, using a
moment method analysis, the scattering fields were computed [17]. Next, using an
antenna synthesis procedure based on the method of least squares, models for the
blade antennas were developed. It is found that these nearby antennas have a bigger
impact on the SPA TCAS than the CRA system. This is especially true in the
forward directions. The reasons for this phenomenon are discussed, citing examples
from the study on the Boeing 737-300 [15].
Chapter 5 discusses the modeling of the aircraft engine as a circular waveguide
cavity. The waveguide was terminated using a perfectly conducting flat plate. The
patterns of the scattering from the engine were obtained via modal techniques and
then superimposed on the patterns of the TCAS [18],[19],[20]. It was discovered that
the engine model consisting of fiat plates overestimates the error in certain regions
and under-estimates in others. The waveguide model leads to a more uniform bearing
error. It is also seen that the CRA is affected much less than the SPA system. The
performance of the system can be improved slightly by moving the antenna forward.
The advantages and disadvantages of modeling the engine as a terminated waveguide
versus a closed rectangular box are discussed.
The results are summarized in Chapter 6. Guidelines are devised to locate the
TCAS antenna on the fuselage without compromising the performance in the pres-
ence of various scatterers. The results indicate that for best performance, one should
place the TCAS antenna towards the forward portion of the fuselage. For forward
look angles, it is found that the CRA TCAS performs better than the SPA system
under all situations considered in this report. Consequently, installation of the CRA
antenna poses fewer difficulties than the SPA antenna. This could be an important
factor when the space available on the fuselage is small or there are other nearby
scatterers. Based on results obtained so far, antenna placement on other aircraft is
briefly considered. Finally, some techniques that might improve the performance of
the T(3AS antennas in general are suggested.
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Chapter 2
Operation of TCAS
2.1 Introduction
Two angle of arrival systems are introduced in this chapter. They are classified as:
• Comparison of Relative Amplitude (CRA) system. The CRA TCAS operates
by comparing the amplitudes of the received signals via different beams. The
phase information is normally ignored.
• Spiral Phase Antenna (SPA) system. A competing TCAS system, that finds
the bearing of the intruder from the phase of the received signals. This algo-
rithm usually discards the amplitude information.
The TCAS antennas are modeled and the systems simulated on a digital computer.
The properties of the the two systems are explored using the bearing error transfer
functions. Some bearing error curves for the CRA TCAS are found to have disconti-
nuities at some specific angles. It is discovered that the SPA TCAS is more sensitive
to nearby scatterers than the CRA system.
2.2 Comparison of Relative Amplitude System
The CRA TCAS employs a four element circular array. This array transmits a beam
in one of four selectable directions. The array is mounted on the fuselage and aligned
vZ
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Figure 2.1: Typical directional interrogation beam for the amplitude TCAS.
in such a way that the beams are directed in the 0 °, 90 °, 180 ° and 270 ° of relative
bearing with respect to the forward direction. The beams have a 3-dB beamwidth
of 90 ° + 10 ° for all elevation angles between +20 ° and -15 °. Note that 0 ° elevation
corresponds to the standard azimuth pattern cut. A sketch of the desired receiver
pattern is shown in Figure 2.1.
The frequency of transmission of the query signal is 1030 MHz. The received
signal is received individually by each element of this antenna array at 1090 MHz.
The magnitudes of the four received signals are then compared and the difference
between the largest two computed. Comparison of this difference signal with similar
values on a calibration curve yields the angle of arrival (estimated bearing of the
intruder).
The TCAS antenna is modeled by four short z-directed monopoles on a flat
ground plane as depicted in Figure 2.2. The current distributions on the monopoles
are assumed to be sinusoidal. Let the excitation of the individual elements be given
Z
UP
.........../>J3 2/ ...'"'"'"
Y
Port
by
CRA antenna
Figure 2.2: Geometry of the 4 element CRA TCAS model.
I, = A,e i_'' (2.1)
where, I, is the complex excitation, A, is the amplitude, and a, is the phase of element
i, where i = 0, 1,2, 3, and j = v'-Z]. The elements are numbered counterclockwise
from the X-axis as shown.
The far field antenna pattern Ee(0,¢) is the product of the element pattern
F(r, 0,¢) and the array factor AF(6,¢) such that
E0(e, ¢)= F(r,e,¢). AF(e,¢) (2.2)
where, the azimuth angle ¢ is measured counterclockwise from the forward direction
(towards the nose), and 6 is measured from the vertical as shown in Figure 2.3.
The element pattern of a dipole of length l or a monopole of length I/2 on a
ground plane can be written as [21]
[cos/ cose/cos ]F(r, 0, ¢) - _ _n_ (2.3)
INTRUDER
I //
I /
I //
I/
TOP
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Figure 2.3: The aircraft coordinate system. Azimuth angle is measured counter-
clockwise from the forward direction. Elevation angle is measured from the horizon.
and the array factor is given by
3
AF(O,¢) = _ Ale j(_'+k_i"°¢':'_(_,-'_')) (2.4)
i=0
where, a is the radius of the array, and k is the free space wavenumber, and k = 27r/A.
¢i = i_ is the angular position of the i th element, _/is the impedance of free space,
and (r, 0, ¢) are the standard spherical coordinates.
Since the number of elements is small, the amplitudes are set to a constant value
Ai = A, and only the phase of the excitation is modified so as to get a maximum in
any one of the four directions given by ¢¢ = J_-,J2 = 0, 1,2, 3, corresponding to nose,
port side (left), tail, and right (starboard), respectively. Also, in order to achieve
a symmetric azimuthal pattern, the two elements perpendicular to the axis of the
beam heading must have the same phase. From these conditions, for example, for
a beam maximum in the direction of the nose (0 = 0o, ¢ = 0°), one possibility is to
pick
a0 = arbitrary (2.5a)
10
_1 = _,,+ kasinO, (2.5b)
_2 = so + 2kasinOu, and (2.5c)
a3 = al. (2.5d)
The weights were calculated for each beam heading _j, and 0u = 80 °, because this
8u corresponds to the elevation angle of most interest, namely 10 °. These weights
were then kept fixed in further calculations. To scan the space, one simply adjusts
the phase distribution of the antenna elements.
The radiation patterns of the TCAS antenna in this synthesis, as well as
other simulations were obtained by using a FORTRAN program called NEWAIR3.
NEWAIR3 is based on the high frequency method, the Uniform Geometric Theory
of Diffraction (UTD). This is sometimes referred to as the aircraft code or the air-
borne antenna code. The code can be used to compute the radiation patterns of
short monopoles and slots on a curved body. The body is modeled by a composite
ellipsoid, joined smoothly at the location of the antenna. Other structural features
such as wings, tail etc. are simulated by perfectly conducting (PEC) flat plates.
Details may be found in the literature [12, 11].
From a number of simulations with varying parameters of the array, a radius of
a = 2.28" and antenna length of I = A/4 were chosen at the frequency of simulation
1090 MHz. The length of the antenna elements affects only the elevation plane
patterns, and the effect is small for I < A/4. As an example, the four beams were
calculated on the fuselage of a Boeing 727-200 at a distance of 380" from the nose.
The computer model consisted of only the fuselage. The beams are depicted in
Figure 2.4 and the important properties are tabulated in Table 2.1. It is noted that
the radiation characteristics are different for all four beams because of the effect of
fuselage curvature.
The model for the operation of the amplitude system proceeds by first calculating
the calibration or lookup table. For the CRA system, this consists of the difference
of the dB magnitude of the received signals for the antenna mounted on the fuselage
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Figure 2.4: Four beams for top mounted CRA array located 380" from the nose on
the fuselage of Boeing 727-200.
Table 2.1: Parameters of the four CRA beams 380" from the nose on Boeing 727
fuselage (radius = 2.28").
Beam
Bearing
Ideal
Nose
Port side
Tail
Starboard
Beamwidth (°)
3 dB
90
85.1
92.2
84.0
92.2
Drop at
10aB 90° (dB)
180 10.00
160.5 13.2
177.9 10.3
158.6 13.5
177.9 10.3
12
g13
E,3
Z
<g
15
10
5
0
-5
-10
v iVl_llllql' ' ' ) ' ' ' ' ' 4 ' ' ' ' '
-120 -60 0
AZIMUTH
I i I , ' ' ' I , i i i i I i i i i
-1518o 6o 12o
(deg)
I
8O
Figure 2.5: Creation of the CRA lookup table from the received signals.
of Boeing 727-200, with no other scatterers present. The received signal is simulated
by calculating the four beams radiated by the TCAS array. By reciprocity, the
transmitting and the receiving patterns of the array are identical [22]. The azimuthal
space is divided into four quadrants, namely 0o-89 °, 90°-179 °, 180°-289°, and 270 °-
359 ° . The two beams with the largest amplitude in any given quadrant are known
from the received signals, and one of these is selected as a reference signal. The other
signal is subtracted from this reference signal to obtain a value that can then be used
in the lookup table. Since there are four beam headings, there are four monotonically
increasing sections of the lookup table as shown in Figure 2.5. The channel numbers
of the two largest received signals are also stored. The list of channel numbers and
the reference signal for all possible _b is given in Table 2.2.
Next, the radiation patterns of a TCAS antenna on an actual aircraft are com-
puted taking into account the effect of various structures on the airframe, like wings,
tail, engine, etc., which distort the signal transmitted/received by the TCAS array.
These distortions are in the form of variations in amplitude and phase of the received
13
Table 2.2: Determination of the referencebeamsfor the TCAS under ideal condi-
tions.
¢ Highest Next Reference
(degrees Channel Channel Beam
0-44
45-89
90-134
135-179
180-224
225-269
270-314
315-359
0
1
1
2
2
3
3
0
1
0
2
1
3
2
0
3
1
2
3
Table 2.3: Location of intruder from received signals under ideal conditions.
Reference Section of Lookup
Beam # Table searched
0-89
90-179
180-269
270-359
signals. Again, the difference signal is computed and stored along with the channel
numbers in what is defined as the wing table.
To calculate the bearing error, one starts with a given difference signal and the
channel numbers from the wing table. From the channel number of the reference
beam, the quadrant of the intruder can be determined. This is given in Table 2.3.
That section of the lookup table is then searched for the same value of the difference
signal as the received signal as depicted in Figure 2.6. The predicted bearing is
found via linear interpolation when the difference signal lies between two points in
the lookup table. The bearing error e is defined as
e = Cd - Ca (2.6)
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Figure 2.6: Calculation of bearing error.
where, q_a and q_o are the detected (predicted) and actual azimuth angles of the
intruder, respectively.
There are two sources of ambiguity/uncertainty that arise in this calculation.
One type of ambiguity occurs when the difference signal lies outside the range of
the lookup table. In this case, the two highest signals are a valid combination of
beams, but the value of the difference signal is not within the boundaries of that
section of the lookup table. This generates an out of range warning, and the error is
calculated by setting the difference signal equal to the closest (extreme) value of the
lookup table. The other source of error arises due to structural scattering, when two
beams that have opposite bearings have the largest amplitudes in a given quadrant.
This leads to an illegal combination of channels which leaves the processor with no
lookup table to search. Hence, one can not estimate the bearing of the intruder.
The erroris then set equal to the previous value of bearing error and a no lookup
table warning is issued.
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Figure 2.7: Geometry for the spiral phase antenna. Note the antenna alignment.
2.3 Spiral Phase Antenna System
As the name implies, the Spiral Phase Antenna (SPA) TCAS operates using the
phase information contained in the received signal. Note that spiral refers to the
phase of the received signal, as opposed to the type of antenna. The feasibility of
using a spiral phase antenna for direction finding applications was first explored
in [23]. The SPA array consists of four short monopoles arranged on a circle as
shown in Figure 2.7. Note that this array is offset by 45 ° in comparison to the CRA
antenna. As depicted, the positive x-axis points towards the nose of the aircraft and
the distance d = 2.709" corresponds to A/4 at 1090 MHz.
The operation of the SPA TCAS is fairly simple. The TCAS equipped aircraft
transmits an omnidirectional interrogation (query) signal. The transponder on the
intruder responds by transmitting a reply at 1090 MHz, which is received by each
element of the TCAS array.
For modeling purposes on the digital computer, the received signals are simulated
by transmitting signals at 1090 MHz. In contrast to the CRA antenna, all monopoles
16
of the SPA array are excited with exactly the same arnplitllde end phnse in lhe
airborne antenna code. Sum (_) and difference (A) signMs are generated according
to:
3
Ey : Z Eo, and (2.7a)
i=O
E_ = (Eoo - Eo2) + j(Eo3 - Eo,) (2.7b)
where, Eoi,i = 0, 1,2, 3 are the complex received signals associated with the four
elements of the antenna array at some azimuth angle.
Consider four monopoles of length l/2 on a ground plane, arranged as shown in
Figure 2.7. The pattern is still described by Equations (2.3) and (2.4). For the SPA
antenna, the distance between adjacent elements is d = $/4. Hence the radius a of
the array is given by
(2.8)
For the SPA system, Ii = A is constant. Hence, from Equations (2.7), one finds
that
E_ = __, Ae ¢kasi'ec°s(¢-¢')
and
I::[}
= 4A cos (4 sin O cos ¢) cos (4 sin O sin ¢) (2.9)
E_ -- 2jAsin (4sin_(cos¢+sin¢))-2sin (4 sin _(c°s ¢ - sin ¢)) (2"10)
In the llt region of the antenna, due to the size of the antenna array and distance
to the intruder (who is in the far zone of the array), the amplitudes of all received
signals are equal; they differ only in phase. The phase angle a is defined by
(E_ (2.11)
In this alogorithm, the phase of the sum signal, E_ serves as a phase reference. Note
that a is monotonic in nature and hence can be used to unambiguously determine
the angle of arrival of the received signal.
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As is the case with the amplitude system, one must first generate a lookup
table. This is done by calculating the radiation patterns of the TCAS antenna on
the bare fuselage of a Boeing 727-200, located 380" from the nose. The patterns
are calculated at 10 ° elevation for a top mounted antenna and -10 ° for a bottom
mounted antenna as before. The amplitude and phase of the sum and difference
beams for a top mounted antenna at the above location are illustrated in Figures 2.8
and 2.9, respectively.
It is noted that the pattern origin is at the center of the array and hence the
phase of the sum beam is constant over all azimuth. The phase of the A beam is
approximately linear. The monopulse curve (lookup table) is shown in Figure 2.10,
which also exhibits the monotonic, almost linear variation of phase. This phase curve
is the calibration curve used in all further calculations involving the SPA TCAS. It
remains the same even if one is modeling a different airplane.
Once the lookup tables have been obtained, the radiation patterns are calculated,
taking into consideration, the scattering and distortion by various structures on the
airplane. These monopulse curves are distorted due to scattering by the structures
on the airplane and coupling from other nearby antennas, if present. As in the case
of the amplitude system, the error curves are calculated for the locations, elevations
and airframes of interest.
2.4 Results
Typical results are provided for the case of a top mounted TCAS on a Boeing 737-
300 based on the algorithms described above. A scaled line drawing of the principal
views of the Boeing 737-300 is illustrated in Figure 2.11. As seen, this aircraft has
two engines mounted below the wings.
The computer model used for the top mounted antenna is shown in Figure 2.12.
The engines were not included in the model because of their distance from the
antenna and the shadowing of the electromagnetic rays by the fuselage. The engines
18
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Figure 2.8: Amplitude and phase of sum (_) beam of an SPA antenna. The TCAS
antenna was mounted on top of the fuselage of a Boeing 727-200, 380" from the nose.Elevation = 10 °.
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Figure 2.9: Amplitude and phase of difference (A) beam of the SPA antenna at the
same location as in Figure 2.8.
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Figure 2.10: Lookup table for the SPA system. Only the phase information is used.
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Figure 2.11: Scaled line drawings of the Boeing 737-300 aircraft.
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Figure 2.12: Computer model for Boeing 737-300 for a top mounted antenna. The
antenna is located 289" from nose.
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do play an irnpor_anf role in _.he performance of the bottom mounted anfenna.
The effect the engine has on the TCAS is discussed in Chapter 5. The results
presented here thus represent the typical errors one might expect on an aircraft
fuselage when the engines are not visible. It is noted in passing that, normally,
the contribution from the horizontal stabilizers is often ignored when the radiating
element is a vertical monopole, as in this study.
The lookup tables for the CRA and SPA systems were generated on the bare
fuselage of a Boeing 727-200. The antennas were located 380" from the nose. The
elevation of the receiver was 10 ° for the top mounted antennas. Error curves for
the Boeing 737-300 aircraft are shown in Figures 2.13-2.18 for the TCAS antennas
located about 289" from the nose (location code 0240). These error curves cover
elevations -20 ° to 30 ° in 10 ° steps.
One notices that the error curves for the CRA and SPA systems are surprisingly
similar, even though the bearing algorithms are completely different. This empha-
sizes the fact that the bearing error computed here is due to the body of the airplane;
since it is the same for both systems, the error curves are also similar. The error is
minimum around 10 ° elevation. This is because the lookup tables were computed at
that elevation also. As the elevation goes higher or lower, the error tends to increase.
This is especially pronounced in the error curves at elevations -10 ° and -20 ° where,
the intruder lies in the shadow region of the TCAS antenna. One may also notice
that the errors of the SPA system tend to be higher than the CRA system, because
it is a phase system, and the received phase varies much more rapidly than the am-
plitude. Finally, due to the way in which the error is calculated, it is seen that the
error curves of the CRA system are odd-symmetric (e(_b)= -c(-_)).
It is seen from the top of Figure 2.17 and 2.18 that there are discontinuities in the
error curves of the CRA system at angles where the beams switch, i.e., 0 °, +90 °, and
180 ° . The reason for this has already been explained briefly. Here, let us attempt
to elucidate by considering an example. The reader is referred to Figure 2.19, which
24
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Figure 2.13: Error curves for CRA (top) and SPA (bottom) TCAS at -20 ° elevation.
The antenna was mounted on top of the fuselage of a Boeing 737-300 model about
289" from the nose.
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Figure 2.15: Error curves for CRA (top) and SPA (bottom) TCAS at 0 ° elevation.
TCAS setup same as Figure 2.13.
27
ZO
0
lO0£
Z
_. o
em
-lO
tO240eOlO cra.dat.......... _................L
-:_n1"o=8..... _ ..... ' ..... i ..... , ..... ,,,,,,
-120 -60 0 60 120 180
to24o_o!o_p_.dot2oL-..... , ..... _, ..... , ..... , .....
0
10
F.x,..1
Z
-10 _ 1
-20 i- .... I ..... I ..... t , , , J , I , , , i J 1 , , , , ,
-180 -120 -60 0 60 120 180
AZIMUTH (deg.)
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is an enlargedview of the azimuth region 80 ° to 100 °. The lookllp table and wing
table at 30 ° are depicted.
Case 1: ¢, = 88 ° .
Let the actual bearing of the intruder be ¢, = 88 °. The channels of the two
highest received signals are 0 and 1. From Table 2.3, it is determined that the
intruder lies in the first 00-90 ° quadrant. Searching the corresponding section of
the lookup table, for the value of the received difference signal (9.4 dB), it is found
td = 82.6 °. Therefore, the error is el = tdJ -- ¢,1 = --5.4 °.
Case 2: ¢, = 89 °"
Let the intruder be at ¢_ = 89 ° for the same situation considered above. Now,
the difference signal is -9.4 dB, and the two highest channels received are I and
2. Then, searching the lookup table to the right side in Figure 2.19, the detected
position of the intruder is 97.2 ° to lead to an error of _2 = ¢d2 -- ¢,2 = 8.2 °. Hence,
the magnitude of the discontinuity is: e2 - el = 13.6 °, and this is easily verified from
either Figure 2.18 or 2.19.
Now, it is clear that the jumps in the CRA system occur due to the beam
switching scheme and the slight change of the beams as a function of elevation.
By a similar reasoning, it is deduced and verified that there are no discontinuities
in some error curves, especially close to the elevation at which the lookup table
was created. Further, the magnitude of the discontinuity increases with increasing
elevation. This is probably one of the most serious drawbacks of the four element
CRA system.
In all cases studied, and those presented here, it is observed that the magnitude
of the error and the region of its occurrence correlate well with the relative locations
of the TCAS antenna and the scatterer. This is seen in all figures, where, in the tail
region, the error is much larger due to scattering by the vertical stabilizer.
The performance of both systems is similar in the absence of scatterers; however,
when scatterers are present, the CRA tends to perform better than the SPA TCAS.
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The implications of fhis phenomenon will become more apparent in the ens,in_
chapters.
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Chapter 3
Optimal Location of TCAS
3.1 Introduction
One of the important applications of the Bearing Error Transfer Functions (BETF)
is in the estimation of an optimal location for the top and bottom mounted TCAS
antennas on aircraft. In this study, three representative commercial airframes arc
chosen, based on the location of engines and the number of planes in service. These
are:
Boeing 727-200:Class-3 engine Turbojet, approximately 1300 aircraft in service.
Boeing 737-300:Class-2 engine Turbojet, about 800 aircraft in service.
Boeing 747-200:Class-4 engine Turbojet, approximately 180 aircraft in service.
The criterion used here is based on minimizing the standard deviation of the
BETF over the angular sectors given below:
• Top Antenna: Forward sector, -90 ° to +90 ° azimuth averaged over -10 ° to
-]-200 in elevation, in 5 ° steps.
• Bottom Antenna: 360°azim uth, averaged over -20 ° to 0 ° elevation, in 5°steps.
For both top and bottom mounted antennas, the error curves are calculated
over the whole azimuth with a resolution of 1° at a chosen elewtion. The standard
34
deviation top (er,) and bottom (err,) antennas are defined by
at(b) = z-.,i=l - (3.1)
Nt(b) + Mr(b) 1
where #t(6) is the average value of the BETF averaged over the appropriate range of
azimuth and elevation angles, that is,
1 lilt(b) Nt(b)
#t(b) = Nt(b)+ Mr(b) _ _ I_,jl (3.2)
i=l j=l
where e,j is the bearing error and i and j denote the i th and jth elevation and
azimuth angles, respectively. It is noted that the absolute value of BETF is taken
in the above equations because based on the definition of the bearing error, BETF
can be positive or negative. Mr(b) denotes the number of elevation angles for the
top (bottom) mounted antennas, respectively. Likewise, Nt(b) denotes the number of
azimuth angles for the top (bottom) antennas, respectively. In this study, Mt = 7,
Ms = 5, Nt = 181, and Nb = 361.
3.2 Boeing 737-300
The aircraft first considered is the Boeing 737-300. This airplane has two engines
mounted below the wings as seen from the scaled line drawing of the principal views
of the Boeing 737-300 in Figure 2.11. The engines do not play a significant role in the
determination of optimum location for the top mounted antenna; hence, they can
be ignored in the high frequency model. The best location for the TCAS antenna on
the bottom, however, is sensitive to the distance from the engine; hence the engines
must be included in the UTD model.
The airplane model used for the top antenna has already been introduced in
Section 2.4. The performance of both the CRA and SPA systems is assessed by
calculating the standard deviation curves. The standard deviation curve for these
antennas is shown in Figure 3.1. The detailed statistics of each location may be
found in Appendix A. The optimal location of the top mounted antenna is at 289"
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and 229" (location codes0240 and 0180 respectively) for the CRA and SPA systems,
respectively. It is seen that the standard deviation curves are fairly constant for both
systems. This means that one may place the TCAS antenna anywhere from about
220" to 520" from the nose. The optimal locations are illustrated in Figure 3.2.
The bottom mounted TCAS antenna is considered next. The computer mod-
els used for the bottom mounted antennas on the Boeing 737-300 are shown in
Figures 3.3 and 3.4. It is noted that the aircraft models are different for top and
bottom mounted antennas and Mso for the forward and aft region of the airplane.
Unlike the top mounted antenna case, the engines play an important role in
the determination of the optimal location because they scatter energy, and hence
affect the accuracy of the TCAS system in estimating the AOA of the intruder. A
worst case calculation is made in this chapter with the engines being modeled by
closed boxes. A flat plate is placed at the front face of the engine to cover the
inlet. It is important to note that this model of the engine will overestimate the
specular reflection component of the scattered field. This leads to unnaturally high
and low errors in the individual error curves. The standard deviation curves given in
Figure 3.5 confirm this. It is seen that the standard deviation is largest in the region
from 400" to 600" from the nose, which is also the region occupied by the engines.
Thus, the optimum location of both systems occurs 95" from the nose, which is
also the farthest region forward of the engines. This location is shown marked in
Figure 3.6. It may also be observed that the standard deviation decreases as the
antenna is moved away from the engines. As in the case of the top mounted antenna,
the overall performance of the CRA TCAS is better than the SPA.
3.3 Boeing 747-200
This aircraft, one of the biggest passenger carriers, poses some unique modeling prob-
lems. This is due to the presence of a cupola (hump) on top of the forward section
of the fuselage, which approximately extends up to station 900. (See Figure 3.7).
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Figure 3.1: Standard deviation for top mounted TCAS array: Boeing 737-300.
sPAeRA
0 229 289
/7
I _ ooo_ooooooooooo_oonooooon o
Figure 3.2: Location of optimum position for top mounted CRA and SPA arrays:
Boeing 737-300.
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Figure 3.3: Computer model for Boeing 737-300 for a bottom mounted antenna in
the forward region of the fuselage. Bottom view is shown.
Figure 3.4: Computer model for Boeing 737-300 for a bottom mounted antenna
located aft. Bottom view is seen.
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Figure 3.5: Standard deviation for bottom mounted TCAS array: Boeing 73%300.
Figure 3.6: Location of optimum position for bottom mounted CRA and SPA arrays:Boeing 737-300.
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Figure 3.7: Scaled line drawings of the Boeing 747-200 aircraft.
Thus, a more sophisticated modeling scheme was adopted involving the Helicopter
Antenna Radiation Program (HARP) [24]. The cross sections of the Boeing 747-200
fuselage were specified at various locations along the length, as well as the geometry
of the wings, engines, tail, etc. The code then generates the high frequency computer
model for the aircraft for an antenna located anywhere on the fuselage.
For obvious reasons, the model for the top of the fuselage for antennas mounted
on or behind the cupola are different. Two representative models are shown in
Figures 3.8 and 3.9. The part of the fuselage that is not modeled by the composite
ellipsoid is approximated using fiat plates. As mentioned earlier, the engines are not
included in the models for the top mounted antenna because their effect is negligible
on the radiation patterns of the TCAS.
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Figure 3.8: Computer model for Boeing 747-200: top mounted antenna (forward).
Figure 3.9: Computer model for Boeing 747-200: top mounted antenna (aft).
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The standard deviation curves for the C'RA and SPA TOA,q ,_ys*,erns are shown
in Figure 3.10. Note that station number 90 is at the nose of the aircraft. The
corresponding statistical data is given in Tables A.5 and A.6. It is observed that the
standard deviation is very small and similar for both systems. The optimal location
for both antennas turns out to be at station 0540, where the monopole antennas are
approximately vertical with respect to the fuselage. The optimum locations for the
top mounted TCAS are shown in Figure 3.11. Since the standard deviation curve is
fairly constant, the TCAS antenna may be placed at any convenient location between
stations 0400 and 0800. This region lies on top of the cupola. If the antenna is moved
farther back to stations 1380 and 1440, the standard deviation is much larger. This
is to be expected, and arises due to scattering by the cupola, which now lies directly
in front of the antenna.
As in the case for the Boeing 737-300, the engines have to be included when
simulating the TCAS mounted on the bottom of the fuselage. Two typical computer
models for the aircraft for bottom mounted antennas are shown in Figures 3.12
and 3.13. As mentioned earlier, these are the worst case error calculations, in that the
engines are modeled by closed, perfectly conducting boxes. The standard deviation
curves as a function of station number are given in Figure 3.14. The optimum
locations for both systems happen to be at station 0320 and are shown marked on
a line drawing of the airplane in Figure 3.15.
The engines do not affect the performance as badly as the Boeing 737-300. The
reason for this is twofold. First, the engines are farther away from the TCAS antenna,
and second, the engines are slightly higher than the level of the bottom of fuselage.
Since elevations in the range of 0 ° to -20 ° are considered, the scattering from the
engines affects the patterns somewhat less. As a result, the standard deviation is
seen to increase as the antenna approaches the mid section of the fuselage, but the
rise is not as steep as the Boeing 737-300. Again, the CRA system performs better
than the SPA system for the locations considered.
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Figure 3.10: Standard deviation for top mounted antenna: Boeing 747-200.
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Figure 3.11: Optimum location for CRA and SPA top mounted arrays: Boeing
747-200.
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Figure 3.12: Computer model for Boeing 747-200: bottom mounted antenna (for-
ward).
Figure 3.13: Computer model for Boeing 747-200: bottom mounted antenna (aft).
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Figure 3.14: Standard deviation for bottom mounted antenna: Boeing 747-200.
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Figure 3.15: Optimum location for CRA and SPA bottom mounted TCAS arrays
on the Boeing 747-200.
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Figure 3.16: Scaled line drawings of the Boeing 727-200 aircraft.
Boeing 7'27-200
The Boeing 727-200 airframe was included in this study for its rather unusual place-
ment of engines -- two on the fuselage on either side, and a third engine directly
underneath the vertical stabilizer on top of the fuselage. The scaled line drawings
for this aircraft are shown in Figure 3.16. The computer model for the top mounted
antennas is shown in Figure 3.17. The corresponding standard deviation curves are
given in Figure 3.18. The most striking feature of this error curve is the relative
flatness of the CRA curve, as opposed to the steep increase in the SPA error. The op-
timal locations for the CRA and the SPA systems are at 200" and 140", respectively,
from the nose. These locations are marked on Figure 3.19.
It is important to note that the space available on the fuselage of a commercial
airplane to locate a TCAS antenna is very limited due to the presence of many
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Figure 3.17: Computer model for Boeing727-200:top mounted antenna.
other antennas. Thus, if the location of the TCAS antenna were based solely on
the performance depiction in Figure 3.18, the CRA system has an edge over the
SPA because its standard deviation is smaller and more constant. Therefore, the
CRA antenna may be located anywhere between 100" and 580" and still keep the
standard deviation of bearing error less than about 1.5 ° . The SPA antenna, in
contrast, is restricted to be in the far forward region of the aircraft, because its
standard deviation increases rapidly. This is partly due to the specular reflection in
the forward region from the plate covering the front face of the center engine. It is
emphasized that, this is the worst case calculation and a better solution, based on
the self-consistent multiple scattering matrix formulation is presented in Chapter 5.
The bottom mounted antenna on the Boeing ?27-200 behaves differently. The
high frequency model used for this computation is shown in Figure 3.20. In contrast
to the top mounted antenna, the performance of both systems is very similar as
shown in Figure 3.21. The corresponding optimum locations are shown marked on
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Figure 3.18: Variation of standard deviation with location for top mounted TCAS
array for the Boeing 727-200.
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Figure 3.19: Location of optimum position for top mounted CRA and SPA antennas
on the Boeing 727-200.
48
Figure 3.20: Computer model for Boeing 727-200: bottom mounted antenna.
Figure 3.22. It is seen that the antenna on the bottom may be placed anywhere from
about 220" to 380" and still have a standard deviation close to the value reached at
the optimum location.
3.5 Discussion
From the above simulations of both systems on various aircraft, some general trends
are apparent. These are discussed below.
The error generally increases as one moves the antenna closer to the nose. This
is very noticeable in Figures 3.1 and 3.10, for both CRA and SPA systems, and for
the SPA system in Figure 3.18. This is due to the increasing slope of the fuselage
as the distance between the TCAS antenna and the nose decreases. Recall that the
calibration table was created for a location of the antenna that is relatively flat; i.e.,
the antenna normal points straight up. When the TCAS array is very close to the
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Figure 3.21: Standard deviation curves for bottom mounted antenna on the Boeing
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Figure 3.22: Location of optimum position for bottom mounted CRA and SPA
antennas on the Boeing 727-200.
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nose, the antenna normal is pointing towards the front of the alrcraf_. This ti|t can
be as great as 25 ° as in the case of the Boeing 747-200 for station 0270, as interpreted
from Table A.5. Thus, there are larger variations in the azimuth pattern than for
locations where the antenna points more straight up. This leads to a higher error
being computed for locations closer to the nose than those farther aft.
It is also seen that the error is fairly constant for both TCAS systems when they
are away from structural scatterers. The effect of the engine is noticeable in the
curves for bottom mounted antennas for the Boeing aircraft, 737-300 and 747-200,
and for the top mounted antenna on the Boeing 727-200. The role of these engines
is to move the optimum location forward. Note that the effects of the engine tends
to decrease as the antenna is far forward, in the rising portion of the bottom due
to the natural blocking offered by the fuselage. As the antenna moves closer to the
nose, the errors due to the engine decrease, whereas those due to the slope of the
fuselage increase. Thus, for the bottom antenna, the optimal TCAS location is a
compromise between these two factors. The effect of the engine model is discussed
more completely in Chapter 5.
The SPA TCAS is a phase comparison system, which is sensitive to even small
variations in the distance. For the TCAS operating at 1090 MHz, this translates to a
phase error of about 33.2 °/inch of error in distance measurement. This is compared
to the CRA system, which operates by comparing the amplitudes of the received
signals via the four beams. Obviously, the variation in received signal amplitude is
much less for errors in distance measurement, because the amplitude varies roughly
as r -1 • Thus, for a given received signal, the amplitude system is less prone to errors
in calculation as well as measurement.
Recall that the bearing error for a TCAS location is computed by comparing the
received signals in a lookup table. The lookup table used in the case of the CRA
system has four distinct, monotonic sections, one of which is searched. The section
chosen depends on the largest two signals received. The range of these tables is
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about 20-24 dB over each section, which is about 90 ° wide. Hence, considering the
worst case, an amplitude error of 1 dB results in an angle of arrival error of 4.5°;
but, for typical cases, the amplitude errors are much smaller, and hence the error
in the AOA. The SPA system also has a lookup table which is monotonic over the
whole azimuth (slope is unity). Thus, a phase error of 1 ° leads to the same amount
of error in bearing determination.
This affects the error calculation as follows: Consider the received signal from
a given scatterer at a certain distance. The procedures to determine the reflec-
tion/diffraction points on a plate, geodesic paths on the composite ellipsoid etc.,
are mostly by numerical search. The received signal amplitude remains constant,
whereas, the phase is affected by the distance to the scatterer, as well as the loca-
tion of the specular point on the scatterer. Thus, large phase variations occur due
to small numerical errors in distance measurement.
Similarly, when the receiver is shadowed by the fuselage, a numerical search is
conducted to find the location of the effective source on the fuselage, from where
the ray is launched tangentially to reach the receiver. For the same reasons cited
above, the performance of the SPA system degrades much more rapidly than the
CRA system, as the receiver moves deeper in the shadow region, or as the geodesic
path gets longer.
Finally, consider an intruder in the forward quadrant of the airplane. Consider
also, a scatterer, say a vertical stabilizer or a blade antenna to the aft of the TCAS.
For the CRA system, the received signals combine to yield the highest channels as
0 and 1. The scattered signal from the blade is very small and it will not affect
the bearing determination. On the other hand, with the SPA system, there is no
such beam switching employed, and the transponder signal from the intruder in the
forward region receives the same weight as a stray scattered signal. Hence, even
though the SPA and CRA systems have comparable performance in the absence of
scatterers, the CRA system performs better in the vicinity of scatterers.
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Chapter 4
Effect of Other Antennas
4.1 Introduction
In the previous chapters, the operation of the TCAS system in the absence of any
nearby antennas was considered. The distortion of the radiation patterns by the
airframe resulted in an incorrect bearing being computed. There, it was assumed
that the TCAS antenna was far away from (many wavelengths) all other antennas.
This is not a realistic assumption on a modern commercial aircraft, where one might
expect to find up to one hundred antennas, all vying for generally the same area on
the fuselage. When the TCAS is in operation, it induces currents on the antennas
located in its vicinity. These induced currents then radiate electromagnetic fields
and distort the radiation pattern of the TCAS array. The magnitude of the induced
current depends upon many factors, such as distance to the second antenna from the
TCAS array, size of the antennas, power radiated etc. Moreover, when the frequency
of operation of the other antenna is close to that of the TCAS, the actual induced
currents in the TCAS array can be very different from the design. Thus, a smaller
antenna might also have a significant effect on the operation of TCAS. Hence it is
necessary to model each antenna in the vicinity of the TCAS and study the changes
in the behavior of the TCAS as a whole.
Two blade antennas are considered here because they are found on all com=
mercia] aircraft. Mathematical models are developed to include the effect of the
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electromngnetlc re-radiation from these nearby antennas on the TO, AS currents.
The performance is re-evaluated based on the bearing error curves. It is seen that
the nearby antennas can (and often do) significantly affect the performance of the
TCAS. Finally, it is also seen that the effect of nearby antennas on the SPA TCAS
is much worse than that of the CRA system.
4.2 Modeling a Nearby Antenna
Two blade antennas, which are the most common antennas used for VHF and L-
band communications, are likely to be found in the vicinity of the TCAS antenna
and are chosen for this study. These are the following:
1. L-Band blade antenna (Mode S): Dorne and Margolin Model AT-741.
2. VHF communications antenna: Dorne and Margolin Model DMC60-1.
The line drawings of these blade antennas are depicted in Figures 4.1 and 4.2. As
can be seen, both antennas are thin blades due to aerodynamic considerations. The
AT-741 is only about A/4 in height; whereas the DMC60-1 is over one wavelength
tall at the TCAS receiving frequency (1090 MHz).
In the UTD analysis using the NEWAIR code, one can synthesize a fairly arbi-
trary variety of radiation patterns by a set of short monopoles and/or slots. However,
it is necessary to first determine the radiation pattern of the antenna under study.
Moreover, the above code can not calculate the mutual coupling between various
antennas mounted on the fuselage; thus, it can not calculate the currents induced on
the surface of the blade by the TCAS array. Hence, it is necessary to first calculate
the currents induced on the blades by other means, and next, the fields radiated
by these currents. Once the fields of the nearby antennas are found, they can be
superimposed with the radiation pattern of the TCAS antenna to include the effect
of the blade.
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Figure 4.1: Line drawing of AT-741, L-band blade antenna.
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Figure 4.2: Line drawing of DMG60-1, VHF band blade antenna.
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The scheme used to accomplish this task is as follows. Since both antennas are
normMly mounted near the centerline of the fuselage, they are within the paraxial
region. Thus, one can not use the high frequency methods that compute the mutual
coupling between the two antennas [25]. Since the curvature of the fuselage is very
small along the axis and the antennas are close to each other, one can approximate
the fuselage by a flat surface. One may then model the arbitrary geometry via
the moment method (MM). For this case, where the radiation pattern of the blade
antenna has to be calculated, the Electromagnetic Surface Patch Code (ESP4) is
used to model the geometry in free space. To this end, the TCAS array is modeled
by a set of short monopoles. The voltages at each feed point are adjusted to generate
modal currents of the same magnitude and phase as the currents of the model used
in the UTD analysis in the NEWAIR3 code. The radiation pattern is then calculated
via both MM and UTD to verify the accuracy of the model.
Next, each blade is modeled by a flat plate. Based on measurements conducted
at MIT Lincoln Laboratory, it was determined that the resistive termination (load)
placed at the terminals of the blade had very little effect on the radiation patterns
of the TCAS antenna [26]. From this, it may be concluded that the nearby blade
antenna behaves much more like a scatterer than an antenna. Hence, the blade
could be modeled in each case as a scatterer. Once the currents induced on the
blade surface are calculated for a particular separation and elevation, they are stored
for later use. Since the steps used in the analysis of L-band and VHF blades differ
widely, they are discussed separately in the following sections.
4.3 L-band AT-741 Blade
Keeping in mind that only short monopoles, normal to the fuselage at the point of
attachment can be used in the NEWAIR3 code, one first replaces the blade by a set
of four wires strategically placed as shown in Figure 4.3. This is possible because
the dominant induced currents on the blade are predominantly vertical, such that
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AT741wire model
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Figure 4.3: Wire model of L-band blade used in the moment method analysis.
the horizontal component can be neglected. This is demonstrated in Figure 4.4,
where the patterns obtained via the moment method for the blade model and the
four wire model are shown for a blade located 4 feet (48") aft of the CRA antenna
array. The blade/wire model was illuminated by the beam pointing towards the
blade (beam 2), and the radiation pattern was computed at 10 ° elevation. One
should observe that the two radiation patterns are in good agreement. Since the
monopoles used in the UTD anMysis have to be under A/4 long, the two wires in the
middle, which were slightly longer than A/4 were trimmed to A/4 and the induced
currents and radiation pattern were computed again to verify that they did not
change appreciably. The final wire model for the AT-741 blade used in the UTD
analysis is shown in Figure 4.5.
The final step in this synthesis process is the inclusion of the radiation pattern
of the blade in radiation patterns for the TCAS array. This can be accomplished via
two methods. One can either recompute each element pattern in the presence of the
blade antenna and process the received signals, or, compute the blade scattered fields
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Figure 4.4: Comparison of radiation pattern of plate and wire models obtained via
the moment method.
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Top view
Side view Front view
Wire model for AT741
Figure 4.5: Wire model used in NEWAIR3 code for the AT741 antenna.
by illuminating it by the four CRA beams or by the sum and difference beams of the
SPA TCAS in turn. These can be then directly added to the corresponding received
signals. (Of course, one must be careful about the phase centers of the TCAS and
blade antennas). The latter approach is adopted here, due to its flexibility and the
fewer computations required.
In case of the CRA array, there are four beams each pointing in a different
direction. Hence the illumination of the blade is different for each beam, and so are
the induced currents. Thus, the CRA beams are created via the moment method by
weighting the monopoles correctly, and the induced currents due to each beam on
the wires are calculated and stored for use with the NEWAIR3 code. Similarly, for
the SPA array, the sum and difference beams are created separately and the induced
currents on the wires due to this type of illumination are also calculated and stored.
The curvature of the fuselage has only a small effect on the patterns of the
blade antenna, because both antennas are along the axis of the fuselage, where the
curvature close to zero. Hence, the approximation of the fuselage by a ground plane
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Figure 4.6: Radiation pattern of wire model for the L-band blade mounted on the
fuselage of Boeing 727-200, calculated via UTD.
is valid. To demonstrate this, the wire model of Figure 4.5 was mounted on top of a
Boeing 727-200 fuselage, 380" from the nose. The scattered fields of the blade model
for the CRA beam pointing towards the blade (beam 2) is shown in Figure 4.6 at
an elevation of 10 ° . Note that, even though the levels of the two field patterns differ
by about 34 dB in the moment method computation and those obtained via UTD,
the relative levels of radiation from the blade antenna with respect to the peak level
of the TCAS beam is the same (about 17 dB).
4.4 VHF DMC60-1 Blade
The VHF communication blade is one of the most common antennas found on com-
mercial aircraft. It is even included in the line drawings of the airplanes given in
Figures 2.11, 3.7, and 3.16. It is a general purpose VHF communication antenna op-
erating in the 118-136 MHz range. Modeling this antenna for use in the NEWAIR3
code presents some unique problems, most of which are due to the size and shape of
the antenna. As in the case of the L-band blade, the plate model obtained by the
moment method is replaced by a set of inclined wires shown in Figure 4.7. These
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Figure 4.7: Model for the VHF blade using inclined wires.
wires are inclined at about 70 ° with respect to the ground plane. The radiation
pattern for the flat plate model and the inclined wire models agree well as shown
in Figure 4.8. The radiation patterns do not agree well when the wires are vertical.
This indicates that the induced currents on the blade have significant horizontal as
well as vertical components. The inclined wire model can not be directly used in
the UTD procedure. The monopole antennas used in the NEWAIR3 software must
meet the following criteria:
a. the monopoles must be perpendicular to the fuselage, and
b. the length of the monopoles must be less than $/4.
The inclined wires are about one wavelength long at 1090 MHz, and hence, simply
replacing the wires by short _/4 monopoles will not give acceptable results. Hence
other methods of synthesis must be explored, which meet the above constraints.
The objective here is to synthesize an arbitrary radiation pattern denoted by E_"
using an arbitrary planar array of N vertical monopoles on a ground plane. The
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Figure 4.9: An arbitrary planar array of N monopoles.
field E_" is the scattered field by the blade, computed in this case via the moment
method.
The geometry of the planar array is shown in Figure 4.9. Let the length of the
i th monopole be defined by li and its position by p,, and _,. The excitation of this
monopole is given by
L = A,ei°' (4.1)
where A, is the amplitude, and (_i is the phase of the excitation.
The radiated field of this monopole array in the far-field is given by
0 ,v,_) = = _ .-i-_._ (4.2a)
and
at any receiver location (0, _b).
the monopole (wire) elements.
E_(0,_b) = 0 (4.2b)
The superscript denotes that the field is due to
Now, let E_" be given at M receiver positions,
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(0j,Cj), j = 1,2,...,M. Then, let us set:
N
E'j'(Oj,¢j) = __, I, Zo,
i=l
j_I,2,...,M (4.3)
where [(-_cosSj)-c°s_]ejkp,,i.oj,:,,s(¢_-¢,) (4.4)
jr/ cos
Zo = _ sin 8j
For M > N, as is normally the case, this denotes an over-determined system of
equations. In matrix notation_ one finds that
IET] = [ZI[I] (4.5)
where
ET(o'' ¢') 1
[E_] = E_(O2, ¢2)
E'On( OM , CM )
I Zll Z12 "'" Z_N
Z21 Z_2 ... Z,IN
[z] = : ...
Z^tt ZM_ "'" ZMN
(4.6)
(4.7)
and
I2 (4.8)
[i] = •
IN
In the above equations, (I] is the unknown excitation vector to be solved for.
This is derived using techniques from linear algebra such that
[I1 = [([z]T[z])]-I [z]T[ET]. (4.9)
The solution for [Il thus obtained via (4.9) is the least squares solution I271. Thi_
minimizes the squared difference between the fields due to the blade Eb_ and due to
the set of wires E_'. It is noted that the above analysis is fairly general, and can
be easily modified to account for radiation from any arbitrary set of antennas, like
radial and axial slots, and/or a combination of wires and slots.
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Wire model for DMC60
Figure 4.10: Wire model of VHF blade for NEWAIR code.
A model that was both accurate and easy to use in the NEWAIR3 code was
then derived by varying the parameters of the monopole array such as length and
spacing. It was observed that much better results (smaller number of monopole
elements, lesser error) were obtained when the above procedure was carried out
around the phase center of the blade antenna. This is because, when the scattering
patterns of an antenna are referred to its phase center, variations in the phase are
minimized. This becomes especially important when the separation between the two
antennas is large, and the phase varies rapidly. The final model for the DMC60-1
consisted of six _/4 monopoles arranged as shown in Figure 4.10.
The model was verified using the NEWAIR3 code by computing the radiation
pattern of the monopoles located 48" aft of the CRA TCAS antenna, on the fuselage
of a Boeing 727-200, at 10 ° elevation. The radiation pattern of this array when
illuminated by the beam pointing toward the tail (beam 2) is shown in Figure 4.11.
The agreement is very good. Again, the difference in levels is relative, due to different
normalizations in the two methods; i.e., the moment method and UTD.
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Figure 4.11: Radiation patterns of moment method and UTD models of VHF blade
mounted on fuselage of Boeing 727-200.
It was found that these two models agree well only for a small range of elevation
angles around which the synthesis was carried out. This is because, the flat plate
model has horizontal components of induced currents, which are not accounted for
by the monopole model. Hence, the synthesized monopole model can not be used
for more than about 10° around the elevation at which it was created. Therefore,
unlike the model for the L-band blade, it is necessary to calculate the induced wire
currents at several elevation angles. As in the case of the L-band (AT741) antenna,
the induced currents were calculated for each beam of the CRA array as well as the
sum and difference beams of the SPA antenna.
4.5 Simulation and Results
Once the induced currents have been obtained, the monopole models for the L-
band and VHF blades are placed on the fuselage of the aircraft under consideration.
Since the total received fields are found using superposition, the TCAS array pattern
is included as a separate term. The radiation patterns of these simulated blade
antennas were then calculated in the presence of all scatterers on the airframe and
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for the various illuminations at different distances from the TCAS array. Finally,
the corresponding radiation patterns were superimposed, to obtain the patterns for
the TCAS antenna when it is operating in the presence of the blade.
Error curves corresponding to a location 289" from the nose on a Boeing 737-
300, for elevations -10 ° to 20 ° were already introduced in Figures 2.13-2.16. In
these curves, the effect of the vertical stabihzer is apparent in the rear quadrant, but
overall, the errors are relatively small. Figures 4.12-4.15 depict the same antenna
location, except that the TCAS is now operating in the presence of the DMC60
blade antenna. The blade antenna was 48" aft of the TCAS antenna. Similar error
curves for the TCAS antenna operating in the presence of the AT741 blade are given
in Figures 4.16-4.19.
It is seen that the blade antenna has a significant influence on the performance
of the two TCAS systems. The most obvious effect is the oscillatory behavior of
the SPA error curve over [-180:180] range, as opposed to oscillations only over the
[-180 : -90, 90 : 180] range for the CRA TCAS. This difference is due the way in
which the received signal from each element is processed by the CRA system. Recall
that the receiving antennas in this simulation are modeled as radiators. Thus, to
estimate the bearing of the intruder, the CRA TCAS transmits four beams in the
assigned directions. The blade, which is between the TCAS and tail, will not affect
beam 0 except in the backlobe region. Beams 1 and 3, pointing to the sides, are also
only slightly affected. Only beam 2, which illuminates the blade directly, is severely
distorted. This is shown in Figure 4.20, where the distortion of the TCAS pattern
by the VHF blade is apparent.
Although the blade re-radiates whenever the TCAS is in operation, the radiation
is strongest only when illuminated by beam 2. Hence, the two highest received signals
are still via beams 0 and 1 or 0 and 3 in the forward half. The radiation by the
blade in the -90 ° to 90 ° azimuth sector is not strong enough to change the two
highest signals. Therefore, the distortion of the error curve by the blade is minimal
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Figure 4.12: Error curves for CRA (top) and SPA (bottom) TCAS in the presence
of DMC60 blade antenna 48" aft. The TCAS antenna was mounted 289" from the
nose on Boeing 737-300. Elevation = -10 °.
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Figure 4.13: Error curves for CRA (top) and SPA (bottom) TCAS in the presence
of DMC60 blade at 0 ° elevation. Aircraft setup same as Figure 4.12.
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Figure 4.14: Error curves for CRA (top) and SPA (bottom) TCAS in the presence
of DMC60 blade, at 10 ° elevation. Aircraft setup same as Figure 4.12.
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Figure 4.15: Error curves for CRA (top) and SPA (bottom) TCAS in the presence
of DMC60 blade, at 20 ° elevation. Aircraft setup same as Figure 4.12.
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Figure 4.16: Error curves for CRA (top) and SPA (bottom) TCAS in the presence
of AT741 blade antenna 48" aft. The TCAS antenna was mounted 289" from the
nose on Boeing 737-300. Elevation = -10 °.
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Figure 4.17: Error curves for CRA (top) and SPA (bottom) TCAS in the presence
of AT741 blade, at 0 ° elevation. Aircraft setup same as Figure 4.16.
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Figure 4.18: Error curves for CRA (top) and SPA (bottom) TCAS in the presence
of AT741 blade, at 10 ° elevation. Aircraft setup same as Figure 4.16.
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Figure 4.19: Error curves for CRA (top) and SPA (bottom) TCAS in the presence
of AT741 blade, at 20 ° elevation. Aircraft setup same as Figure 4.16.
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Figure 4.20: Distortion of CRA beam 2 due to re-radiationby the DMC60-1 blade
antenna.
in the forward haft is small. Of course, the error introduced by the blade in the rear
quadrant is larger, because the blade is now illuminated by beam 2, which is the
strongest beam in the rear quadrant. On the other hand, the SPA antenna always
illuminates the blade via sum and difference beams, which are both omnidirectional,
and differ in amplitude by only 3 dB. Thus, the effect of the blade is visible over the
whole azimuth region as shown.
The behavior of the TCAS in elevation is quite similar for both systems. The
radiation from the blade drops off approximately as sin0 and hence, their error
magnitude decreases slightly. It is interesting to note that the error magnitude is
comparable for both the AT741 and DMC60-1 blade antennas.
Next, the behavior of the two TCAS systems was simulated at various separations
from the blade antennas. For this study, the TCAS antenna was held fixed at 289"
from the nose on the Boeing 737-300. The blade antenna was placed at increasing
distances aft of the TCAS antenna, starting at 24" (2.2A) from the TCAS up to 168"
(15.5A). Error curves were computed via UTD for elevations ranging from 0 ° to 20 °
in 5 ° steps and averaged to find the standard deviation of the bearing error. The
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Figure 4.21: Variation of standard deviation with distance between the TCAS an-
tenna and AT741 blade. The TCAS antenna was held fixed at 289" [rom nose on
Boeing 737-300.
resultsof thishigh frequency computation are given for the AT741 in Figure 4.21
and the DMC60-1 in Figure 4.22.
To verifythese high frequency results,error curves were calculated via an inde-
pendent moment method computation. For thiscase,the blade antenna was modeled
by a flatplate and the antennas by thin wires. The curvature of the fuselage was
ignored and the fuselageitselfwas then replaced by an in,hire ground plane. Next,
using image theory,the ground plane was removed and the wire monopoles and the
blade antennas were augmented with their images. The geometry of the moment
method model for the AT741 antenna in the presence of the SPA antenna isdepicted
in Figure 4.23. The model for the DMC60-1 issimilarand isshown in Figure 4.24.
Note that the latterfiguredepicts CRA array. Radiation patterns were then com-
puted for each TCAS antenna in the presence of each blade. By processing these
patterns as already described,the standard deviation of the bearing error was corn-
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Figure 4.22: Variation of standard deviation with distance between the TCAS an-
tenna and DMC60-1 blade. The TCAS antenna was held fixed at 289" from nose onBoeing 73%300.
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Figure 4.23: Moment method model for the AT741 antenna 48" aft of the SPA TCAS
antenna.
puted. It is noted here that, due to the modeling procedure, only positive elevations
are valid. Hence the standard deviation was computed only for elevations in 0 ° to
20 ° range. The process was repeated at various elevations and separations to obtain
the standard deviation of the bearing error for each location of the blade antenna.
The standard deviation curves for the AT741 antenna are given in Figure 4.25 and
the DMG60-1 blade in Figure 4.26.
The results are very interesting. Firstly, it is seen that the UTD and MM models
agree. The minor differences in the curves for the high and low frequency models
can be attributed to the differences in the models used -- like flat plates versus
monopoles for the antennas, flat versus the curved ground plane etc. Secondly,
the SPA error monotonically decreases as the distance is increased from the TGAS
antenna. In case of the GRA system, it is small to start with, increases in a region
about 4 to 6 wavelengths behind the TGAS, and then decreases again. Finally, it is
seen that, in the case of the UTD models on the Boeing 737-300, given in Figures 4.21
and 4.22, that the error approaches that of the TCAS antenna Mone (dashed line)
as 6 increases. It is noted that the bearing error due to an isolated TCAS is close
to zero. The error is identically zero for the intruder at the same elevation as the
lookup table, and small for other elevations.
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Figure 4.24: Moment method model for the DMC60-1 antenna 48" aft of the CRA
TCAS antenna.
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Figure 4.25: Moment method computation to verify the results of Figure 4.21. Fuse-
lage was replaced by a flat ground plane and blade modeled as a flat plate.
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Figure 4.26: Moment method computation to verify the results of Figure 4.22. Fuse-
lage was replaced by a ilat ground plane and blade modeled as a ttat plate.
One immediately notices that the standard deviation of the bearing error a,
for the SPA TCAS increases as 6-', where 6 is the separation between the TCAS
antenna and the blade antenna. This is true for both MM and UTD models, for
the AT741 as well as the DMC60 blade. On the other hand, the standard deviation
of the CRA system actually decreases very close to the antenna. This is a result of
the mutual couphng between the two antennas. As 6 changes, both the amplitude
and phase of the transmitted signal from the TCAS are modified by the induced
currents on the blade. When/i is small (less than about 2)0, the amplitude of the
TCAS beam is not affected as much as the phase is.
It is also seen that the error of the TCAS system near the DMC60-1 is somewhat
smaller than the AT741. This is surprising at first, because the AT741 is about 3"
tall; whereas, the DMC60-1 is about 12" tall. This is due to the magnitude of the
induced currents which depend upon the separation as well as the electrical size of
the blade antenna.
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Thus, the performance of the CR.4 s_stem sttffeT.s little in the pres_'nee of the
blade antenna. On the other hand, the SPA antenna is greatly affected by these
phase variations, as seen from these results. Hence, one may conclude that, to keep
the standard deviation of the bearing error less than 1 °, it is necessary that the
SPA antenna be at least 4A from any other scatterers aft. This is not the case with
the CRA antenna, which exhibits superior performance in the presence of nearbyscat terers.
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Chapter 5
Effect of Engines
5.1 Introduction
Engines play an important role in the performance of the TCAS. The effect of the
engines is especially noticeable when an engine inlet is directly illuminated by the
TCAS antenna. To better understand the true scattering of the engine cavity, the in-
let is modeled by an open-ended circular waveguide cavity in free space. It is assumed
to be excited by an electromagnetic plane wave. The waveguide is semi-infinite and
has an interior termination which may be modeled as a flat plate (short circuit), a
dielectric material, or a flat blade disk optionally with a conical or hemispherical
hub. Some of these geometries are depicted in Figure 5.1.
In the analysis presented below, primary emphasis is placed on the circular waveg-
uide, because it approximates the structure of the engine most closely. Note that
the terms, engine and inlet, are used interchangeably. In all cases studied here,
the termination of the circular waveguide is assumed to be a PEC flat plate. The
aircraft model used in this study is the Boeing 727-200, and the engine on top of
the fuselage is of interest. Results are presented for both CRA and SPA systems for
selected elevations in the lit region in the forward half of the airplane.
It is shown that the model of the engine plays a more prominent role on the
performance of the SPA system than the CRA. Standard deviation curves to assess
the systems are also given. These curves clearly demonstrate that the spiral phase
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Figure 5.1: Some possible waveguide and termination geometries for modeling the
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TCAS ismore susceptibleto adverse engine effectsthan the amplit,,desystem. This
is especiallytrue when the engine inletis in the litregion of the TCAS antenna.
It is seen that the overallerrorsare slightlysmaller, and more uniform. Finally,
it is noted that the performance in the forward half may be slightlyimproved if
the TCAS antenna is closerto the nose, thus utilizingthe natural curvature of the
q
fuselage to cause some blockage of the engine inletillumination.
5.2 Scattering by a Waveguide
The inlet analysis employs a combination of high frequency techniques such as the
uniform geometrical theory of diffraction and its modifications based on the equiv-
alent current method (ECM) as well as the physical theory of diffraction (PTD).
These are used in conjunction with the self-consistent multiple scattering method
(MSM) [18]. This method is presented in more detail in Appendix C. The analysis
is fairly general and has been successfully applied to circular as well as rectangular
waveguides.
In the hybrid asymptotic modal method, the self-consistent scattering matrix
formulation is used to describe the fields inside the waveguide cavity. This includes
the multiple interactions between the open end and termination. High frequency
techniques are used to obtain the modal scattering matrices that describe the cou-
pling between the cavity modes and the external region via the open end, and the
interior modal reflection from the open end. The modal scattering matrix describing
the reflection from the waveguide cavity termination may be found in closed form
for the flat plate or dielectric termination. Physical optics is used to approximately
compute the reflection matrix from disk/blade/hub terminations. The external scat-
tering by the rim at the open end is found by replacing the rim with equivalent edge
currents. These edge currents are found approximately by incorporating the UTD
diffraction coefficients. First order as well as second order diffraction effects can be
included in the computation.
85
5.3 Engine Model
The engine is modeled as a terminated circular waveguide cavity. The scattered
fields of the terminated circular waveguide are calculated using the MSM formu-
lation, introduced above. The computation is facilitated by a modified version of
software titled NEAR_CIRC, which has been developed at the Ohio State University
ElectroScience Laboratory [20, 19]. This program computes the bistatic scattered
fields from a rectangular or circular semi-infinite waveguide terminated inside. The
scattered fields are output as: Eoo, Eo,, E,_, andes, where the first subscript refers
to the polarization of the incident plane wave and the second subscript to that of
the scattered field. It is assumed that the amplitude of the incident plane wave is
unity.
Figure 5.2 depicts the geometry of the engine mounted on an airplane. The
aircraft coordinate system, the TCAS coordinate system as well as the engine's
local coordinate system are shown. The coordinate system of the TCAS is the same
as the pattern coordinate system for azimuth cuts.
The scattered fields of the engine (inlet) are incorporated into the patterns of
the TCAS antenna via superposition. This must be done carefully because of the
various coordinate systems involved. The scattered fields due to the engine are
R , E_¢ e_jk÷.eo_. (5.1)
E_,t "
Here, E_t , E_,t are the scattered fields of the engine in the TCAS coordinate system,
E_, E_ are the scattered fields in the far zone of the inlet, with the phase referred
to the center of the engine. [Qt] denotes the transformation matrix from rectangular
to spherical coordinates with reference to the TCAS coordinate system, such that
[Or]=[ c°sOc°sd_-sin b cos 0 sin_bcos_b - sin 0]0 (5.2)
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Figure 5.2: Geometry for modeling the engines.
The spherical to rectangular transformation with respect to the engine center is
given by
cos O' cos ¢' -sin¢,¢' ][Q'e] = cos 0'sin ¢' cos . (5.3)
- sin 8' 0
Finally, [Rte] is a rotation matrix, which for the top mounted TCAS is simply
given by [00 ][R,_]= 1 0 0 . (5.4)0 1 0
From Figure 5.1, one finds that
ear = _a_ra_ = _ -- a, (5.5)
= _z_ + _y_ +/:ze, and (5.6)
a = _=o + 9ya + _za (5.7)
referring to the coordinates of the center of the inlet and the TCAS antenna, re-
spectively. The incident direction (8',¢') of the plane wave at the inlet is given
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by
0' = and (5.8)
= tan-'( 9' " (5.9)
Finally, note that, for a given pattern direction (6,¢), the corresponding direction
of the scattered field in the inlet coordinate system is given by (0,, ¢,), where
O, = cos-' (sin O cos 4,), and (5.10)
( cos_O _ (5.11)
_b_ = tan-' \sin0sin_b].
E_,, and E_,,, are the components of the scattered field of the engine (referred to
engine center), suitably modified to account for the excitation by the TCAS antenna.
E_ = Eoo E,_ A_
This may be written as
Here, Ato,. and A_ are the scaled incident amplitudes of the plane wave from
the TCAS antenna. Eoo, Eo_, E,_, and E,o are the scattered fields from the inlet,
with the first subscript indicating the polarization of the incident plane wave and
the second subscript that of the scattered field.
Recall that the excitation of the engine is via sum and difference beams for
the SPA system and the four beams for the CRA TCAS which were derived in
Sections 2.2 and 2.3. To get the correct amplitude and phase of the incident plane
wave, one first computes the fields due to the TCAS antenna, and converts them to
the coordinate system of the inlet. Hence, one finds that
where, E_,.,E L are the components of the radiated field from the TCAS at the
engine location.
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5.4 TCAS Performance
The performance of the TCAS is re-evaluated in the presence of the engine using
the above models. This may be accomplished via two equivalent methods. One
can recompute each element pattern in the presence of the inlet and process the
received signals as before; alternately, the inlet scattered fields can be computed by
illuminating it by the four CRA beams or the sum and difference beams of the SPA
system in turn. These can then be directly superimposed on the receiver beams
computed for the same geometry without the engine inlet. The latter approach is
adopted here for its flexibility and lesser computations.
In case of CRA array, there are four beams, each pointing in a different direction.
Hence, the illumination of the inlet is different for each beam, and so are the scattered
fields. Thus, the CRA or SPA beams are created by weighting the monopoles in turn
to compute the field incident on the inlet. The scattered fields are obtained via the
MSM method and stored. These fields are then superimposed to obtain the pattern
of the TCAS antenna in the presence of the engine. Note that, the received signal at
the TCAS antenna is simulated by computing the transmitted field, which because
of reciprocity are identical.
The engine on top of the Boeing 727-200 was modeled via this procedure to check
the validity of the results. The model of the engine consisted of a circular waveguide,
terminated by a PEC plate. The radius of the waveguide is 2.89A. The depth was
2.77A, which is approximately the depth of the blades from the inlet. The TCAS
antenna was placed successively at 60" intervals at distances 100" up to 400" from
the nose on top of the fuselage.
The scattering from the center engine of the Boeing 727-200 is shown in Figure 5.3
for 0 ° and 10 ° elevations. The incident field at the engine was from beam 2 of a CRA
TCAS, located 340" from the nose. It is noticed that the scattering from the engine
is more uniform, due to the large number of modes inside the waveguide structure.
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Figure 5.3: Scattered fields from a terminated circular inlet at 0 ° (top) and 10 °
(bottom). The inlet was excited by beam 2 of the CRA TCAS placed 340" from
nose on a Boeing 727-200.
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Error curves presented in Figures 5.4 and 5.5 depict the effect of the engine
model on the performance of the two TCAS systems at 0 ° for the engine modeled
by the circular waveguide and closed rectangular PEC box, respectively. The TCAS
antenna was placed at location 0340 (same distance in inches from the nose) on top
of the Boeing 727-200. Similarly, Figures 5.6 and 5.7 and Figures 5.8 and 5.9 depict
the error curves for the same location at 10 ° and 20 ° elevations, respectively.
It is seen that from these results that the error curves are comparable, especially
at lower elevations. This is due to the large backscatter from the waveguide ter-
mination. It is also noticed that the bearing error due to the waveguide model is
more uniform; i.e., one does not see the specular, localized regions of higher errors
as in the fiat plate model. In the case of the plate model, the highest error drops
quite rapidly. This is not the case with the waveguide model, whose error tends to
be more uniform. This is expected because, the waveguide has many propagating
higher order modes, which give rise to higher side lobe levels. Hence, the distortion
of the beams is more uniform, and the error tends to be smaller.
To study if the performance of the SPA system could be enhanced by moving it
forward, standard deviation curves were generated for each TCAS location spanning
100" to 400" at 60" intervals along the top of the Boeing 727-200 fuselage. The results
are depicted in Figure 5.10. It must be noted that, due to modeling constraints,
only positive elevation are valid. Thus, the standard deviation was calculated in the
forward sector, -90 ° to 90 ° for elevations 0 ° to 20 ° only. The figure also shows the
tilt angle of the antenna normal towards the nose of the airplane. It is seen that the
minimum error occurs around station 160, where the tilt is about 7.5 ° . This is close
to the optimal location at 140, obtained with the plate model for the top engine.
Comparing Figures 5.10 and 3.18, it is noticed that the overall errors are less for the
TCAS systems when the top engine is modeled by circular waveguide. The general
trends are still the samemthe standard deviation of the error decreases and then
increases as one increases the distance from the nose. The standard deviation of
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Figure 5.4: Error curves for CRA (top) and SPA (bottom) TCAS at 0 ° elevation.
Top engine of Boeing 727-200 modeled by terminated circular waveguide.
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Top engine of Boeing 727-200 modeled by terminated circular waveguide.
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Top engine of Boeing 727-200 modeled by closed rectangular box.
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Top engine of Boeing 727-200 modeled by terminated circular waveguide.
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the error is practically the same for both cases of engine models for location 0100.
This was found to be due to the placement of the TCAS. As one moves the TCAS
forward, the top engine illumination gets blocked by the fuselage. Thus, the incident
field at the inlet is smaller, because the creeping rays get rapidly attenuated by the
fuselage. At location 0100, however, the attenuation is so great that the scattering
from the inlet or the plate modeling the top engine is insignificant. Hence, it is
concluded that the effect of the engine on the SPA TCAS can be overcome to a
certain extent by moving the antenna forward.
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Chapter 6
Conclusion
6.1 Introduction
The operation of CRA and SPA TCAS systems has been studied in terms of system
performance based on electromagnetic effects. Each system has its own unique
features, and shortcomings. In this chapter, these results are summarized. Possible
methods of improving the performance are suggested to overcome some of these
deficiencies. The error increases very close to the nose, due to the forward tilting
of the TCAS antenna. The error also increases as one moves the antenna aft, i.e.
towards the stabilizers.
It is interesting to find that the performance of both CRA and SPA systems
is similar in the absence of nearby scatterers. The CRA however, performs much
better in the vicinity of scatterers. Even in the absence of nearby scatterers, the
standard deviation of the bearing error is consistently smaller for the CRA TCAS
than the SPA system. A technique that could improve the performance of the CRA
TCAS is suggested.
Lastly, the results obtained so far are extrapolated to a couple of other popular
commercial airplanes, namely the MD-87 and the Boeing 757. It is expected that
the TCAS would perform well if installed in the forward region of the fuselage based
on the results generated in this report.
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6.2 Elevation Effects
It is now well known that the performance of the TCAS system depends upon the
elevation of the intruder. In all cases studied, the errors are smallest at 10 °, which
is the elevation at which the lookup table is created. The errors increase as the
elevation changes. It was also seen in Chapter 2 that the CRA system exhibits
discontinuities in the bearing error curves at elevations other than the one at which
the lookup table was created. When the TCAS is in operation, the bearing of
an intruder is continuously monitored and updated. Some of the signal processing
involves the rate of change of the intruder's bearing. When the intruder passes from
one quadrant to another, the jump in the detected bearing leads to discontinuities
in the bearing rate signal. Unless this is detected and corrected immediately, the
TCAS pilot would be given wrong information about the intruder. The spiral phase
TCAS does not have these discontinuities in the bearing rate curve, because there is
only one monotonic section of the lookup table, and the phase of the received signal
always lies in the [-180 ° : 180 °] range.
The CRA system performance can be easily improved by using elevation depen-
dent lookup tables. This presumes knowledge of the elevation of the intruder, which
is available in the Mode-S transponder return. On the other hand, this entails more
involved signal processing and storage requirements for (possibly) a large number
of calibration curves, which should not be that big a problem for modern digital
systems.
Lastly, it is noticed in general that the performance of the TCAS antenna gets
worse as the intruder gets deeper into the shadow region of the TCAS (below the
horizon, for a top mounted antenna) due to the blockage by the fuselage. The
amount of error induced by the fuselage is fairly constant for the antenna in the
mid-section of the fuselage, and gets smaller as the antenna is moved forward.
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6.3 Nearby Antenna Effects
It was seen that the re-radiation from a nearby scatterer, such as another blade
antenna, could affect the performance. Two typical blade antennas were considered,
the AT741 and DMC60-1. Models based on the moment method were derived for
these blade antennas. These models were then used along with the models for the
TCAS antenna to study the performance of the TCAS system in the presence of these
blades. It has also been demonstrated via moment method and UTD simulations
that the blade antenna patterns are affected only slightly by the curvature of the
fuselage. Based on these studies, it was found that the SPA system is severely
affected by the blades. The CRA TCAS does not suffer from this problem to the
same degree, due to its lobe switching technique. Consequently, it was established
that the nearby antennas could be much closer to the CRA antenna than the SPA.
It was also discovered that the nearby antenna need not be physically large to affect
the bearing accuracy of the TCAS. The AT741 L-band blade, which is physically
smaller than the DMC60-1 VHF antenna, illustrated this point.
Thus, for acceptable performance from the SPA antenna, one solution is to move
it many wavelengths away from the scatterers. This would help two ways; firstly,
due the increased separation, the re-radiation will be weaker from the other antenna.
Secondly, the natural curvature of the fuselage would tend to block or attenuate the
fields reaching the blade antenna.
The overall performance of both TCAS systems will be severely compromised
by placing the TCAS aft of the blade antenna. The only solution in this case is to
either switch the antenna positions (not always possible) or to increase the separation
between the two antennas.
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6.4 Engine Effects
In some of the cases studied, notably the bottom mounted antennas on the Boeing
737-300, and Boeing 747-200, it was found that for good performance of the TCAS
antenna, it must be as far forward as practically possible. This is especially true for
the SPA system, which has been proven to be more susceptible to scatterers around
it. Since the SPA system does not discriminate as well as the CRA, it was found
that it is much more difficult to find an acceptable performance location for the SPA
than the CRA.
The engine plays a vital role in the performance of top mounted TCAS antenna in
the case of the Boeing 727-200. It is once again seen that the SPA system is affected
worse than the CRA TCAS. It was found that the adverse effect of the engine on the
SPA system could be overcome to a certain extent by moving the antenna forward
so that the fuselage curvature tends to block the engine illumination. It was also
found that the CRA system performs much better in the presence of engines and
other scatterers.
6.5 Other Factors
The treatment of the TCAS system has been solely from the viewpoint of the antenna
designer. It is noted however, that this is last stage of the entire TCAS and and a
fair amount of signal processing is necessary to acquire and track the other aircraft
in the vicinity.
A factor that causes further deterioration of the performance occurs due to
changes in the characteristics of the antenna, cables, etc., due to temperature and
other variations. These changes affect both systems; however, it is suspected that
the SPA system will be more sensitive to phase shifts and hence probably more
difficult to calibrate and maintain.
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The accuracy and stability of the phase comparison system may be enhanced by
utilizing the amplitude information available at the antenna terminals. One could
combine the antenna outputs with passive circuitry to yield sum and difference
signals, and process these signals as a conventional amplitude system as suggested
in [4].
6.6 Concluding Remarks
It has been seen that all these studies generally point to locating the TCAS antenna
towards the forward region of the fuselage. For the top mounted antenna, it is best
to locate the antenna where the fuselage is curving down so that good coverage
can be obtained for lower elevation angles and lessen the effects of the top-mounted
engines, blade antennas and/or vertical stabilizer. For the bottom mounted antenna
however, it is best to locate it on a flat section, because full azimuthal coverage is
desirable. Care must be exercised to mount the antenna away from engines and
other scatterers.
Finally, based on these findings, some remarks can be made about other aircraft.
These are listed below:
6.6.1 McDonnell Douglas MD-87
The McDonnell Douglas MD-80 series airplanes, developed from the DC-9 are pop-
ular as a short/medium range commercial transport. Other aircraft in the series are
similar, except for the fuselage length. The most recent addition to this family is
the MD-90 airplane, which is very similar to the MD-87. The MD-87 airplane is
powered by two JT8D series turbofan engines, on either side of the fuselage, near
the tail of the aircraft [28]. A side view of the MD-87 aircraft is shown in Figure 6.1.
This aircraft would probably be the easiest to place the TCAS antennas on. The
placement of its engines, between the top and bottom of the fuselage, is in shadow
of both the top and bottom mounted antennas. Hence, good performance of the
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Figure 6.1: A scaled sketch of the McDonnell Douglas MD-87 aircraft. Fuselage
length is shown marked in inches.
TCAS system may be expected for an antenna placed in the forward region, for
both top and bottom mounted cases. It is noticed that the wings are slightly above
the bottom of the fuselage towards the rear of the aircraft and are not expected to
deteriorate the performance very much.
6.6.2 Boeing 757-200
The Boeing 757 series of aircraft is similar to the Boeing 737, in that its two engines
are placed under the wings. The Boeing 757-200 is a short/medium range transport
aircraft, 1858" long as shown in Figure 6.2. Note that the fuselage of the Boeing
737-300 is only 1163" long; whereas, the Boeing 747-200 is 2792" long [28].
Due to the increased space available on the top of the fuselage, and placement
of the VHF blade antenna towards the middle of the aircraft, it is expected that
the location of antenna for the TCAS system would pose fewer problems than the
Boeing 737. The bottom antenna on the other hand is restricted by the engine inlets
and probably should be placed far forward for looking in the nose region.
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Figure 6.2: A scaled sketch of the Boeing 757-200 aircraft. Fuselage length is shown
marked in inches.
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Appendix A
Statistics of TCAS Antennas
In this appendix, some relevant statistics for the various aircraft are provided. These
tables provide the location code used in the simulation for future reference. This is
usually the distance of the antenna from the nose in the UTD model used for the
aircraft code. The second column is the distance of the TCAS antenna on the actual
aircraft. Third column gives the angle the antenna normal makes with the forward
horizontal direction, at the location of the TCAS antenna. The next three columns
are the output of processing all the data from the aircraft code and they give the
maximum, average, and the standard deviation of the absolute value of the error for
each location.
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Table A.I: Statistics for top mounted CRA TCAS: Boeing 737-300.
Location
Code
0120
0150
0180
0210
0240
0270
0300
0330
0360
0390
0420
0450
0480
Distance
From Nose
169.0000
199.0000
229.0000
259.0000
289.0000
319.0000
349.0000
379.0000
409.0000
439.0000
469.0000
499.0000
529.0000
Theta
Normal
99.2480
97.1515
95.3608
93.7611
92.2793
90.8634
89.9599
89.8543
89.7483
89.6418
89.5345
89.4262
89.3167
Maxamum
IError[
2.4980
2.2110
2.0571
1.6377
1.3883
1.5407
1.6729
1.7210
1.6968
1.7127
1.7925
1.8011
1.9183
Absolute
Average
1.1879
0.9646
0.8627
0.7999
0.7899
0.8293
0.9009
0.9336
0.9521
0.9849
0.9870
1.0182
1.0296
Standard
Deviation
0.4191
0.3438
0.3491
0.2363
0.2311
0.2720
0.2809
0.2654
0.2577
0.2578
0.2625
0.2659
0.2629
Table A.2: Statistics for top mounted SPA TCAS: Boeing 737-300.
Location Distance Theta Maximum Absolute Standard
Code From Nose Normal [Error] Average Deviation
0120
0150
0180
0210
0240
0270
0300
0330
0360
0390
0420
0450
0480
169.0000
199.0000
229.0000
259.0000
289.0000
319.0000
349.0000
379.0000
409.0000
439.0000
469.0000
499.0000
529.0000
99.2469
97.1508
95.3603
93.7608
92.2791
90.8633
89.9599
89.8543
89.7483
89.6418
89.5346
89.4263
89.3167
3.3511
2.9690
2.5731
2.3611
2.2978
2.4378
2.4480
2.6821
2.6012
2.4741
2.4361
2.6128
2.3412
1.3753
1.2441
1.1413
1.0144
0.9988
1.0313
1.1330
1.1293
1.1599
1.1542
1.1825
1.1964
1.2175
0.7325
0.5995
0.5163
0.5437
0.5347
0.5538
0.5811
0.5752
0.5918
0.5906
0.5844
0.5759
0.5598
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Table A.3: Statistics for bottom mounted CRA TCAS: Boeing 737-300. The model
for aft mounted antenna used for locations greater than 645" from nose.
Location Distance Theta Maximum Absolute Standard
Code From Nose Normal IError I Average Deviation
0046
0106
0136
0166
0196
0226
0256
0286
0316
0346
0376
0406
0441
0466
0556
0321
0381
0441
0501
0561
0621
95.0000
155.0000
185.0000
215.0000
245.0000
275.000O
305.0000
335.0000
365.0000
395.0000
425.0000
455.0000
490.0000
515.0000
605.0000
645.0000
705.0000
765.0000
825.0000
885.0000
945.0000
102.1612
95.9989
93.6377
91.4692
89.9799
89.9127
89.8453
89.7777
89.7098
89.6414
89.5724
89.5027
89.4202
89.3606
89.1386
88.6294
87.8999
87.1022
86.1958
85.1138
83.7318
20.6132
18.8678
37.4938
17.5247
17.0278
24.4318
22.3935
28.9407
24.3487
32.2942
30.1544
29.3484
24.9285
31.9606
41.5618
27.5043
30.8443
20.6750
23.1261
20.5303
31.8529
2.6537
2.2422
2.0531
2.0979
2.4506
2.8565
3.0850
3.3745
3.3209
4.3415
3.6141
3.5755
3.8472
3.9398
4.4798
4.5429
3.7551
2.9689
2.6340
2.3502
2.5823
1.6585
1.9440
2.4643
2.0902
2.3047
3.2220
3.3810
4.1844
4.O494
6.2711
5.2096
4.6831
4.4048
5.9372
6.3547
6.2296
5.9535
4.2512
3.6603
2.6607
4.4394
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Table A.4: Statistics for bottom mounted SPA TCAS: Boeing 737-300. The model
for aft mounted antenna used for locations greater than 645" from nose.
Location Distance Theta
Code From Nose Normal
0046
0106
0136
0166
0196
0226
0256
0286
0316
0346
0376
0406
0436
0466
0556
0381
0441
0501
0561
0621
95.0000
155.0000
185.0000
215.0000
245.0000
275.0000
305.0000
335.0000
365.0000
395.000O
425.0000
455.0000
485.0000
515.0000
605.0000
705.0000
765.0000
825.0000
885.0000
945.0000
102.1582
95.9978
93.6372
91.4689
89.9799
89.9127
89.8453
89.7778
89.7098
89.6414
89.5724
89.5027
89.4322
89.3606
89.1387
87.9001
87.1025
86.1961
85.1143
83.7326
Maximum Absolute Standard
IErrorl Average Deviation
30.8373
34.4278
40.0473
40.3006
39.1592
45.3880
47.7038
55.7487
61.4151
53.1614
61.8417
57.i034
53.5945
52.8546
74.3590
48.1701
39.6457
60.4006
37.2314
37.6421
3.8794
3.7863
3.6513
3.9780
4.3582
4.8528
5.7377
6.2868
7.3627
8.5782
9.4100
10.0566
10.2609
9.5808
8.0684
5.9154
5.1586
4.5379
3.7076
3.3194
3.4399
4.3934
4.5670
4.4966
4.7137
5.2688
6.7111
7.8076
9.5852
11.1961
11.7726
12.2142
12.4516
11.4672
10.2340
8.3961
7.2997
7.3458
5.4990
4.6561
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Table A.5: Statistics for top mounted CRA TCAS: Boeing 747-200. Stations 1380
and 1440 lie aft of the cupola.
Location Station
Code Number
0270
0300
0330
0360
0390
0420
0450
0480
0510
0540
0570
0600
0630
0660
0690
0720
0750
0810
1380
1440
270.0000
300.0000
330.0000
360.0000
390.0000
420.0000
450.0000
480.0000
510.0000
540.0000
570.0000
600.0000
630.0000
660.0000
690.0000
720.0000
750.0000
810.0000
1380.0000
1440.0000
Theta
NormM
[15.5353
107.4228
101.8281
96.1295
91.7944
93.0957
92.2849
90.5367
89.6165
89.3417
86.7256
85.7099
84.2348
83.6920
82.6091
82.0216
80.5222
78.7237
90.5189
90.5575
Maximum
IErrorl
7.3619
4.1563
2.6717
1.7323
1.1224
1.2683
1.2555
1.0390
1.2578
1.2732
1.6685
1.8806
1.8233
2.0761
2.0706
2.0176
2.5456
2.6632
8.7265
7.3996
Absolute Standard
Average Deviation
4.8343 1.0551
2.8565 0.5684
1.7810 0.4083
0.8561 0.3383
0.4508 0.2671
0.5083 0.2936
0.4675 0.2831
0.4380 0.2347
0.4908 0.2370
0.5121 0.2275
0.7823 0.3263
0.9030 0.3309
1.0237 0.2963
1.1187 0.3112
1.3080 0.3264
1.3942 0.2979
1.6350 0.3695
1.9270 0.3219
1.0336 1.3710
0.9982 1.1837
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Table A.6: Statistics for top mounted SPA TCAS: Boeing 747-200. Stations 1380
and 1440 lie aft of the cupola.
Location Station Theta Maximum Absolute Standard
Code Number Normal [Error[ Average Deviation
0270
0300
0330
0360
0390
0420
0450
0480
0510
0540
0570
0600
0630
0660
0690
0750
0810
1380
1440
270.0000
300.0000
330.0000
360.0000
390.0000
420.0000
450.0000
480.0000
510.0000
540.0000
570.0000
600.0000
630.0000
660.0000
690.0000
750.0000
810.0000
1380.0000
1440.0000
115.5353
107.4228
101.8281
96.1295
91.7944
93.0957
92.2849
90.5367
89.6165
89.3417
86.7256
85.7099
84.2348
83.6920
82.6091
80.5222
78.7237
90.5189
90.5575
5.4403
3.7187
2.8663
2.1297
1.9998
2.1131
1.9889
1.7400
1.8281
1.8827
2.1105
2.0913
2.5281
2.4717
2.3826
2.9295
3.0454
32.8940
37.0278
4.0316
2.4174
1.5443
0.8624
0.6201
0.6440
0.6328
0.5881
0.7403
0.6224
0.8498
0.9906
1.0946
1_531
1.4119
1.7092
1.9732
3.3374
3.5694
1.2404
0.8712
0.6506
0.4671
0.4309
0.4604
0.4547
0.4214
0.3830
0.3729
0.3984
0.4379
0.3755
0.4140
0.3658
0.3737
0.3745
5.3732
5.3195
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Table A.7: Statisticsfor bottom mounted CRA TCAS: Boeing 747-200.
Code
0170
0200
0230
0260
0290
0320
0350
0380
0410
0440
0470
0500
0530
0560
0590
0620
0650
0680
0710
0800
0890
0980
I070
1160
Station
Number
170.0000
230.0000
260.0000
290.0000
320.0000
350.0000
380.0000
410.0000
440.0000
470.0000
500.0000
530.0000
560.0000
590.0000
620.0000
650.0000
680.0000
710.0000
800.0000
890.0000
980.0000
1070.0000
1160.0000
Theta Maximum
Normal [Error[
112.4038
108.0461
103.7831
100.6243
99.0747
31.0171
22.0036
19.5476
17.8396
18.7528
98.0066
97.1260
96.4559
95.9381
95.5523
95.2549
95.0356
94.8662
94.6189
94.5140
94.2928
94.1702
93.9038
93.6169
92.5765
91.6126
90.8671
90.4037
89.9385
11.7499
18.3055
18.4471
20.2134
23.1327
14.2177
19.5529
23.0913
24.3195
27.0265
17.1046
24.2844
24.6918
25.5776
29.4408
31.6827
24.1719
27.6843
30.3365
Absolute Standard
Average Deviation
4.8203 3.1640
3.8405 2.3237
3.1210 2.4771
2.3556 1.8371
2.5253 2.6292
2.0940 1.7301
1.9955 2.2995
1.9474 2.1145
2.2221 2.9699
2.1376 2.8784
1.9531 2.1094
2.1708 2.9524
2.0412 3.0873
2.0245 3.4849
2.2386 3.8630
1.8590 2.0605
2.0502 3.3240
2.4173 4.3770
2.3023 4.1770
2.6359 5.2018
2.6496 4.9040
1.9948 3.3114
1.7368 3.3079
1.7019 3.3601
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Table A.8: Statistics for bottom mounted SPA TCAS: Boeing 747-200.
Location
Code
0170
0200
0230
0260
0290
0320
0350
0380
0410
0440
0470
0500
0530
0560
0590
0620
0650
0680
0710
0800
0890
0980
1070
1160
Station
Number
170.0000
200.0000
230.0000
260.0000
290.0000
320.0000
350.0000
380.0000
410.0000
440.0000
470.0000
500.0000
530.0000
560.0000
590.0000
620.0000
650.0000
680.0000
710.0000
8OO.OOOO
890.0000
980.0000
1070.0000
1160.0000
Theta
NormM
112.4038
108.0461
103.7831
100.6243
99.0747
98.0066
97.1260
96.4559
95.9381
95.5523
95.2549
95.0356
94.8662
94.6189
94.5140
94.2928
94.1702
93.9038
93.6169
92.5765
91.6126
90.8671
90.4037
89.9385
Maximum
IError I
28.8542
38.9429
37.2420
30.1497
26.2923
31.9184
21.6287
37.3500
29.5302
32.1880
32.2645
35.6382
46.7629
42.7559
48.3350
45.4221
50.0999
52.8423
47.5850
44.9433
50.5754
44.6187
35.8714
45.9116
Absolute
Average
4.7222
4.1454
3.5994
3.1487
3.0423
2.6144
2.6256
2.9808
2.9839
2.8229
2.9104
2.8998
2.8092
3.2123
3.9122
3.4294
3.3702
3.2489
3.3366
3.8839
4.3110
4.4109
4.6880
4.7909
Standard
Deviation
3.4279
3.6746
3.9984
3.9460
3.5636
3.1870
3.5423
4.7845
4.3333
4.3041
4.3667
4.0981
4.8430
6.0199
7.6843
6.5876
6.4994
6.2358
6.1165
7.5809
7.5467
7.1810
7.4140
8.0948
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Table A.9: Statistics for top mounted CRA TCAS: Boeing 727-200.
Location
Code
0100
0140
0180
0200
0220
0260
0300
0320
0340
0380
0420
0460
0500
0540
0580
Distance
From Nose
100.0000
140.0000
180.0000
200.0000
220.0000
260.0000
300.0000
320.0000
340.0000
380.0000
420.0000
460.0000
500.0000
540.0000
580.0000
Theta Maximum
Normal
102.3022
98.9772
96.5303
95.4916
94.5344
92.7874
91.1730
90.3896
89.9625
89.8125
89.6616
89.5094
89.3549
89.1976
89.0366
IErrorl
3.9868
2.4316
2.4374
2.3658
2.1595
2.9008
3.6957
3.9930
3.7680
4.0563
4.7993
4.9945
5.5235
6.5893
7.0991
Absolute -Standard
Average Deviation
1.576_ 0.5341
1.1656 0.4360
0.8667 0.5235
0.9394 0.4318
0.8669 0.4356
0.9677 0.4569
1.0707 0.6966
1.0916 0.6490
1.2352 0.7462
1.4472 0.7959
1.4166 0.8804
1.4267 0.9297
1.5664 1.0979
1.6835 1.2862
1.9211 1.4842
Table A.10: Statistics for top mounted SPA TCAS: Boeing 727-200.
Location
Code
0100
0140
0180
0200
0220
0260
0300
0320
0340
0380
0420
0460
0500
0540
O580
Distance
From Nose
100.0000
140.0000
180.0000
200.0000
220.0000
260.0000
300.0000
320.0000
34O.O0OO
380.0000
420.0000
460.0000
500.0000
540.0000
580.0000
Theta
Normal IEr r°r ]
102.300---------__
98.9761 6.7901
96.5298 8.3212
95.4911 8.9065
94.5340 12.1936
92.7872 14.0352
91.1729 15.4140
90.3896 20.7349
89.9625 17.5436
89.8125 20.8014
89.6617 24.6850
89.5094 22.0273
89.3549 23.6262
89.1976 32.5785
89.0367 41.5553
Average
2.1480
1_592
1.9102
2.0151
2.2136
2.5460
3.0154
3.6282
4.3637
4.0296
4.6279
4.7512
4.8537
6.1714
7.3432
Standard
Deviation
1.2350
1.0037
1.3128
1.7084
2.2104
2.8560
3.5035
4.5359
4.2194
4.8206
6.0154
5.5725
5.6560
7.6192
9.4367
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Table A.11: Statistics for bottom mounted CRA TCAS: Boeing 727-200.
Location
Code
0100
0140
0180
0220
0240
0260
0300
0340
0360
0380
0420
046O
0480
Distance
From Nose
100.0000
140.0000
180.0000
220.0000
240.0000
260.0000
3OO.0OOO
340.0000
360.0000
380.0000
420.0000
460.0000
48O.0OOO
Theta
Normal
100.0279
97.2995
95.3030
93.6793
92.9514
92.2608
90.9512
89.9696
89.9088
89.8480
89.7257
89.6022
89.5398
M&_mum
IErrorl
45.0644
40.0294
58.3248
24.8572
8.0948
14.8468
9.0197
24.4167
12.6119
30.9790
33.1766
69.0273
90.8555
Absolute
Average
2.9680
2.7964
3.0624
1.2885
1.1278
1.0957
1.0902
1.2039
1.1121
1.6472
2.7763
3.2817
7.4584
Standard
Deviation
5.6467
6.2837
7.9488
1.7567
1.0205
1.1760
1.1176
1.9215
1.2853
3.4001
5.7794
8.0215
14.3458
Table A.12: Statistics for bottom mounted SPA TCAS: Boeing 727-200.
Location
Code
0100
0140
0180
0220
0240
0260
0300
0340
0360
0380
0420
0460
0480
Distance
From Nose
100.0000
140.0000
180.0000
220.0000
240.0000
260.0000
300.0000
340.0000
360.0000
380.0000
420.0000
460.0000
480.0000
Theta
Normal
100.0260
97.2985
95.3024
93.6789
92.9511
92.2605
90.9511
89.9696
89.9088
89.8480
89.7257
89.6022
89.5398
Maximum- Absolute
IErrorl Average
34.9310 2.8616
24.9701
39.3768
31.0480
26.1150
33.9125
31.9772
37.6930
32.4067
28.1335
55.0527
68.5810
70.0208
2.6363
2.7321
1.8654
1.3524
1.8206
1.6031
2.4063
1.4347
2.0772
3.1774
3.8541
6.6051
Deviation
3.8932
3.9149
4.8413
2.3767
2.2934
2.5723
1.7913
3.0135
3.0853
2.7737
6.1373
7.1191
12.6037
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Appendix B
Helicopter Antenna Radiation
Prediction (HARP)
B.1 Introduction
The Helicopter Antenna Radiation Prediction (HARP) is the name given to a com-
puter code developed at the Ohio State University ElectroScience Laboratory [24].
It integrates the techniques of modern computer graphics with two electromagnetic
far zone scattering and radiation analysis programs. The result is an easy to use,
versatile, package to graphically complement and help visualize the mathematical
models and patterns at various stages of the program.
Two widely used computational techniques of electromagnetic analysis are the
method of moments (MM) and the uniform geometrical theory of diffraction (UTD).
MM is a low frequency method, used when the objects are not electrically large.
For the sources radiating in the vicinity of electrically large bodies, UTD is more
appropriate. For a given problem, hence, the method chosen depends upon the size
of the body as well as available computational resources.
HARP is an X windows based graphical user interface (GUI) that enables a user
to build a model of an aircraft from the blue prints of the cross sections of the body
along its length. The user can then predict the electromagnetic radiation patterns
of specified antennas on the airplane or helicopter. Though HARP was developed
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THE HELICOPTER ANTENNA RADIATION PREDICTION SYSTEM
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Plates for Wings and Fins
I Spllne Interpolatlon ofFuselage Cross Sectlons l
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[Dlsplay Continuous Surface Model I
,o@,..
Choose Method of Analysis:
High Frequency _UTD)
Low Frequency (MM)
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Figure B.I: Block diagram of the major components of HARP.
primarily for modeling helicopters, the modeling methods are very general and hence
applicable to many varieties of bodies, of essentially arbitrary shape, like airplanes,
missiles etc.
B.2 Overview
Figure B.1 depicts a block diagram of HARP. The major functions are denoted by
their own blocks. Most of the modeling involves the entry and editing of the body
data until a satisfactory body is built. Note that the only electromagnetics codes
are blocks, labeled Perform MM Computations and Perform UTD Computations.
There are three main parts in the block diagram given in Figure B.I:
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l. User enters the aircraft geometry as cross sections of the body along some
sections. Fins, wings, stabilizers, etc., are entered as flat plates. A continuous
surface representation of the fuselage is generated by using splined interpola-
tion of the cross sections. This surface is then displayed on the workstation
screen along with the flat plates. HARP does not yet have the capability to
read the various databases used by the aviation/aerospace industry, but is
anticipated soon.
2. Depending on the frequency and size, one uses either the high frequency
method (UTD) or the low frequency MM technique. The models are different
based on the method chosen, as given below:
(a) If the aircraft is to be analyzed via UTD, a model that simulates the
fuselage by a composite ellipsoid is generated and displayed. The radia-
tion patterns of the antennas on this model are then computed using the
airborne antenna code [12].
(b) If the user chooses MM, then the aircraft is modeled by polygonal plates
and displayed. The radiation patterns are then computed via MM using
the Aircraft Modeling Code (AMC)[29].
3. The results of the EM computation are displayed in a user friendly form, that
is both easy to interpret and analyze.
B.3 Low Frequency MM Analysis
When conditions dictate that MM be the method most suitable for the analysis,
the first step is the construction of a model to be used with AMC. This program
requires that the fuselage be defined by cross sections, wings and fins by fiat plates
and antennas, rotor, etc. by wires. HARP converts the continuous surface model
into a set of cross sections compatible with AMC. This is not a trivial task because
121
AMC needsthe fin and wing attachments to exactly match the grid formed by the
fuselage. AMC then converts the fuselage cross section data into a set of polygonal
flat plates. The wings and fins are also flat plates. The rotor is modeled by a set of
arbitrary wires.
Once the surface patch model of the helicopter has been computed, AMC con-
tinues with the complete MM computation. This involves the determination of the
impedance matrix, the right hand side voltage vector, as well as the matrix of solu-
tion for the patch and wire currents. Once this is computed, AMC finally computes
the required patterns in the far zone. Depending on the electrical size of the body,
and the computational power at hand, the MM computation can take a few seconds
to several hours of execution time.
B.4 High Frequency UTD Analysis
If the body is electrically large, then UTD provides the solution more efficiently.
This task is accomplished by the use of NEWAIR3 computer program. NEWAIR3
requires the fuselage to be modeled by a composite ellipsoid and the remainder of
the structures by flat plates. The composite ellipsoid need accurately model the
aircraft only the neighborhood of the antenna. Note that the antenna is required
to be attached to the fuselage. Flat plates (if necessary) need only be approximate.
Both attached as well as unattached plates to the fuselage are treated by NEWAIR3.
It is emphasized that, in contrast to the moment method technique where the
entire model has to be reasonably accurate, the UTD model needs to be accurate
only in the vicinity of the antenna. This is due to the more localized nature of high
frequency phenomena, such as diffraction, reflection etc. Therefore, the airplane
model can be less accurate in the shadow regions, and locations away from the
antenna.
HARP generates this composite ellipsoid very accurately, as well as the flat plates
that are necessary to reasonably model the aircraft. If the user is satisfied with
122
the views of the model presented on the screen, he can then continue on to the
computation of the required radiation patterns. These can once again be displayed
on the screen.
123
Appendix C
Scattering from Waveguide Inlets
The analysis of the near field bistatic EM scattering by the waveguide is primarily
based on the GTD and the ECM, as well as the PTD, combined with the self-
consistent MSM. In the MSM based analysis, the basic scattering mechanisms are
isolated and identified as being associated with the scattering by junctions I and II
as in the waveguide shown in Figure C.1. The MSM procedure requires knowledge
of the generalized scattering matrices IS,,], [SJ2I, [$2,], [S_], and [St] for the two
junctions.
The scattering matrix concept in microwave circuit analysis is based on the prop-
agating modes within the circuit. It characterizes the circuit properties or waveguide
discontinuities of a microwave network. Hence, the circuit scattering matrix for mi-
crowave networks is limited to guided wave (interior) regions. On the other hand, the
polarization scattering matrix is defined for exterior regions [30]. The generalized
scattering matrix extends the concept of the microwave circuit scattering matrix
to include evanescent modes for interior regions as well as the polarization scat-
tering matrix for external scattering. Thus, this approach is useful for problems
that involve a coupling between interior and exterior regions as in the geometry of
Figure 5.1.
124
L _I II
_ ----..m_- C)<_
R IMPEDANCE
BOUNDARY AT g' =-L
Figure C.h Illustration of multiple scattering between junctions I and II in a termi-
nated waveguide.
Let E i denote the electric field intensity of the incident EM plane wave. One
may express E i as:
E'= OE;+
with
Eio = Aoe -jk''e, and (C.2)
E'_ = Ace -'i_''_ (C.3)
where
k i = -k(sin 0 i cos ¢ik + sin 0 i sin ¢'_ + cos 0'k) (C.4)
and
= _ + u_ + z_.. (c.5)
Note that k is the free space wave number and f is the position vector of an obser-
vation point at P.
The scattering matrix [811] is described next. The matrix [SjI] relates the electric
field E "° scattered from only the open end at z = 0 to the field E i which is incident
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[S21]
_00
Figure C.2: Scattering by only the rim at the open end of the inlet. This scattering
affects both the exterior and interior regions.
upon the open end as follows (see Figure C.2):
E_ = St, o S_,_, A_
E: ° S:'$ S_,
(c.6)
where
E'°(P) = E:°_. + E_%) + E:°_. (c.7)
and
[ s;_ s_;IS,,]= s_;_s_;_ (c.8)
Note that Ao and A_ are the amplitudes of the incident fields Eo and E¢, respectively.
The scattering matrix [$12] converts the waveguide modal fields incident at the
open end (z = 0) from the interior region (z < 0) to the fields radiated by these
modes from the open end as shown in Figure C.3. The modal electric field E_ within
the waveguide region (z < 0) may be represented as [31]:
(c.9)
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Figure C.3: Radiation and reflection at the open end due to a waveguide mode
incident on the opening.
where, e'm and _.., denote the transverse (to z) electric vector mode functions for
the TE.m and TM.,. modes, respectively. The A.%, and B._,. in ((3.9) are the modal
amplitude coefficients, and 3"., and/3.., denote the propagation constants for the
TE.m and TM.,. modes, respectively. Here, n and m refer to the modal indices
associated with the transverse eigenvalues in _b and p and eigenfunctions (modes),
and ez.m is the _-component of the TM.m modal electric field. The corresponding
e'z.m for the TE.m are identically zero by definition. The superscripts + and -
above refer to the modes propagating in the +_ and -_ directions, respectively.
If Er°(P) denotes the electric field at P external to the waveguide region, which
is radiated by the modes striking the open end, then the Scattering matrix [Si2]
relates Er°(P) to Eg+ by
I I's °'lts °llt,A m,lE,,o = IS;o'] IS;°] [B4]E:o IS:o'1 iS,o] (c_o)
where
Er°(p) = E_°_ + E_°_ + E:°_
(C.11)
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and
with
[s,;.'] is;o]1IS,2]= [s?'] [s?][s;o'1 is; o] (c.12)
[sf°']= [si'o,s_% s;,, s;,_ ,
...... &.= ...] (c.la)
and
Is[ °] = IS,o, S,o2 ... &,, &,, ... s,..= ...] (c.14)
where i = x, y, z.
The scattering matrix [$21] describes the transformation or the coupling of the
incident plane wave field into the waveguide modes as shown in Figure C.2. It is
also noted that the determination of [$2,] is related to the determination of [S12] via
reciprocity, when the receiver recedes to the far zone in the latter problem. It may
be seen that [$21] relates E_- to E i via
where
[B_-m] = [S_.,.,,] [S_,,.,] A¢ (c._5)
[&,] : [ [&m] [sLm][S_,,,, ] [S_,,m ] (C.16)
The scattering matrix [$22] is a modal reflection coefficient matrix associated with
the mechanisms depicted in Figure C.3. In particular, the elements of [82_] describe
the reflection coefficients associated with the TE,m and TM,m modes reflected back
from the open end (at z = 0) into the waveguide region (z < 0) when either a TErn
or a TMm mode in incident on the open end from within the waveguide. Thus, the
matrix [$2._] relates E; to E + by
where
[R.m;_] he[n.,.,,_] [aL][Bg_] = _h (C. 7)[n._,,q] [n7,2,_] [B_+] 1
hh
[s22]= [n°m;,_]
eh[/t.m;_] h j[R _ ] " (C.18)nra;pqj
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Figure C.4: Reflection of waveguide modes from the termination at z = -L.
he denotes the following: A TMpq (or eNote that the reflection coefficient R,,,;_
type) mode with modal amphtude B+pq which is incident at the open end is partly
transformed (coupled) into a reflected TE,,, (or h type) mode with modal amplitude
A_m nh_ B+
_-_ _ _n m ;pq -- pq "
The scattering matrix [St], like [$22], is also a reflection coefficient type matrix
which is associated with the termination at z = -L. This mechanism is illustrated
in Figure C.4. For this case, one obtains that
[r._;.j (c.x9)
iS+} oh o.
where hh hc ]
ir._;..] (c.2o)[Sd : _h _o "[r.m_..][r.m;._]
F h_ B-he relates A+,,, to Bp-q via A,+, = --_;m _"As before, for example, F,,,,;_
At any given frequency, the waveguide region (interior) can support a finite num-
ber of propagating modes and an infinite number of non-propagating (evanescent)
modes. Hence, strictly speaking, the matrices iS, J, IS2,], [S2z] and [S,] are of infi-
nite order. However, in practice, one need retain only a finite number of elements
of the matrix (finite number of modes), because the distance L is generally large,
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Figure C.5: Multiple interations between junctions I and II for calculating the total
scattered field.
and the infinite number of modes generated at junction I contribute negligibly at
junction II, and vice versa. Therefore, only a finite number of propagating modes
are retained in practice. If the distance L is too small, such that these evanescent
modes.do become important, then one must include these modes, but one may still
ignore the higher-order evanescent mode contributions.
The fields scattered by the inlet may be viewed as the superposition of two parts,
one of which is the scattered field from the open end (rim) by itself. The other field is
that radiated by the open end as a result of all the interactions between the open end
and the termination, which arises from the incident field coupled into the waveguide
region. Referring to Figure C.5, it is seen that the field scattered by junction I is
simply
[E "°]= [S,,I[E'] (C.21)
where
[E:° 1
$o[E'°] = E v • (C.22)
E:°
A part of the incident field is coupled at I into the waveguide region, which
becomes the incident field at junction II from which it is reflected. The field reflected
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by junction II impinges again on I,where it experiences fnrther scatteringinto the
exteriorand interiorregions.This process repeats ad infinitum.The fieldsresulting
from these multiple interactions may be found from the self-consistent MSM analysis,
which is briefly described below.
Let [EI_] be the total field incident at I from II after taking all the multiple
interactions into account. Similarly, let [E21] represent the total field incident at
junction II from I after taking all the multiple interactions into account. Then,
the total scattered field in the exterior region [E"] consists of superposition of [E '°]
and [Era°], where [E "_°] is the field scattered into the exterior region when [E,2] is
incident on I. Hence,
where
[E'] = [E "°] + [E m°]
[E 'n°] = [S,2][E,211,=o
Writing the expressions for [E,2] and [E2,] in terms of [S2,1 and [$221,
° = [S ,I[E'I+ [s 4[E,211,=0
(c.23)
(c.24)
(c.2s)
and
[Et2]I,= u = [p][Sr][P}[E21]l,= u (C.26)
where, [St] denotes the reflection coefficient scattering matrix for the junction II as
defined in (C.20), and [P] is a diagonal matrix accounting for the phase delay along
the length L of the waveguide between junctions I and II. Eliminating [El2] from
(C.25) and (C.26) yields:
([I]- [S22][P][Sr][P])[E_t]],:o = [S2,][E'] (C.27)
where [I] is an identity matrix of infinite order. Solving (C.27) for [E2,], one obtains
that
° - ([Z]-[S2,2][PltSr]tPI)-'[S2,I[E']. (c.28)
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Sub.+tit.ti,+g +,to (c,.2a), o,, +h,,t
[E,+][+=o -- [P][Sr][P]([I]- [S++][P][Sr][P])-t[S+,][E+]. (C.29)
From (C.29) and (C.24), the total exterior scattered field from the internal scattering
is given by
[E m°] = [S,2][P][Sr][P]([I]- [S_2][P][Sr][P])-'[S_,][E']. (C.30)
Finally, the self-consistent expression for the total scattered field [E'] can be
written from (C.21), (C.30) and (C.23) as
[E'] ={[Slt] + [S_2][P][Sr][P]([I]- [S22][P][Sr][P])-'[S2_]} [E']. (C.31)
It is noted that the above scattering matrices are different from the conventional
scattering matrices due to the fact that they contain range information. They remain
valid for field calculations in the near zone of the inlet opening. Further, as noted
in [20], the above analysis is restricted to angles of incidence and scattering which
are about 60_or less from the forward axis of the inlets.
The scattering matrices [Sll], [$12], [S_1], and [S_2] can be found via asymp-
totic high frequency techniques (such as UTD, ECM and PTD). The methods are
discussed in detail in [32] and [20] and not repeated here.
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